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The author has previously found that a 
certain amount of heavy alcohol was adhered 
to the polystyrene, which was prepared from 
styrene by heating its solution in heavy 
alcohol. In order to obtain some knowledge 
on the mechanism of this attachment of 
alcohol molecules to the molecules of poly- 
styrene, the average number of alcohol molecules 
attached to each molecule of polystyrene has 
been examined in the present research. It was 
found to be one, the molecule being presumed 
to attach at the starting point of the chain 
molecule of polystyrene. At the same time it 
has been found that this number of alcohol 
molecules attached to each molecule of poly- 
decreases when benzoyl peroxide is 
added to the reaction mixture. These results 
suggest us that the alcohol molecules are 
expelled out of their place on the polystyrene 
molecule by benzoyl peroxide molecules, so 
that the latter can also attach to the chain 
molecule of polystyrene at its starting point. 
The experiment showed that this is actually 
the case. The polystyrene which was made 
from styrene in the presence of benzoyl peroxide 
labelled by heavy hydrogen atoms was found 
to contain a benzoate group which might be 
formed by the splitting of a molecule of benzoyl 
peroxide. 

It was found further that the polystyrene 
contained no heavy hydrogen atoms, when it 
was prepared from styrene by heating its solu- 
tion in heavy benzene and the resulted polymer 
was heated in vacuum at 100° for twenty 
hours. From this experimental result it can 
be concluded that no hydrogen atoms are 
exchanged between styrene and benzene when 
the former is polymerized in the solution of 
the latter. 


styrene 


Polymerization of Styrene in Heavy 
Alcohol 


The experiment was at first carried out in 
the following way. A definite amount (1 cc.) 


(1) Preliminarily reported in J. Chem. Soc, Japan, 


68, 31, 45(1947). The delay of the publication of the 
detailed report was due to the War. 
(2) this Bulletin, 16, 125(1941). 


of styrene, which was purified directly before 
the experiment by distillation in vacuum, was 
sealed together with a definite amount (0.2 ec.) 
of heavy alcohol and various amount of 
benzoyl peroxide in an evacuated glass tube. 
The latter substance was added in order to 
obtain the polymer of various molecular weight. 
The heavy alcohol used for this experiment 
was prepared by mixing one volume of C,D,OD 
of 99.6% purity with five volumes of ordinary 
alcohol and the mixture was purified by the 
use of silver oxide until no silver mirror reac- 
tion was observed. After the sealed tube was 
heated for twenty hours at 120°+1°, the 
heavy alcohol was distilled-off in vacuum and 
the remained polystyrene was dissolved in 5 
ec. of purified benzene, in order to wash ous 
the remaining alcohol. Then the benzene was 
similarly distilled off in vacuum and _ the 


remained polymer was heated in vacuum at 


100° for 20 hours in order to expel the last 
trace of mechanically contained heavy alcohol 
as well as the other volatile substances such as 
the nonpolymerized styrene. 

The larger part (about 0.6 ¢.) of the so 
purified polystyrene was then burnt in a stream 
of purified air and the excess density of the 
resulted water, which was carefully purified in 
a specially devised quartz apparatus, was 
determined by means of a small glass bouyancy 
balance. The limit of the error for the density 
determination was +1p.p.m. The remaining 
part of the purified polystyrene was used for 
the determination of the molecular weight, 
which was carried out by the viscometric 
method, The specific viscosity 7.) of the solu- 
tion in benzene of known concentration ¢ 
expressed in mole/l. was measured by means 
of an ‘Ostwald viscometer and the mean 
molecular weight M was calculated according 
to the Staudinger’s relation: 

lim nple = Km M. 
c+0 
The constant Ky, used for the calculation was 
determined by the osmometric method and 
found 1.2 x 10-* when no benzoyl peroxide 
was added and 2.4 x 10-* when benzoyl peroxide 
was added without regard to its quantity. 
From these data we calculated the AVET ARP t 
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number of heavy alcohol molecules attached to 
each molecule of polystyrene, which is denoted 
by NV in Table 1, as well as the average number 
of heavy alcohol molecules attached to each 
gram of polystyrene, which is denoted by N’ in 
the last column of the table. When we compare 
these two figures it will easily be seen that the 
average number of the alcohol molecules 
attached to each molecule of polystyrene WV 
remains satisfactorily constant without regard 
to the molecular weight of the latter, so long 
as any quantity of benzoyl peroxide is added 
to the reaction mixture, while the number of 
alcohol molecules attached to each gram of 
polystyrene NW’ remarkably increases as_ the 
molecular weight of the latter decreases. This 
result indicates that the alcohol molecules are 
not attached uniformly on the polystyrene 
molecule but at a certain definite point of it. 


Table 1 


Polymerization of Styrene in Heavy Alcohol 
(Resulted polystyrene was heated in vacuum) 


Amount of Excess Mean 


Experi- benzoyl! density molecular . nv’ 

mental peroxide of wa- weight of 7 - 
No. added, g. ter, polystyrene, x 10-6 

p-p.m. M 

1 0 3.0 54100 0.12 2.2 
2 0 3.6 45600 0.12 2.6 
: 0.005 7.2 12900 0.069 5.3 
4 0.010 7.2 11400 0.059 5.1 
5 0.020 9.6 8970 0.062 6.9 
6 0.040 14.4 6240 0.064 10.2 
7 0.040 15.3 5140 0.056 10.8 
8 0-040 18.0 4570 0.059 12.9 
9 0.100 21.1 3420 0.051 14.9 


It will also be seen from Table 1 that the 
average number NV of the alcohol molecules 
attached to each molecule of polystyrene 
definitely increases, when no benzoyl peroxide 
is added (see exp. No. 1 and 2). This result 
suggests to us that the point occupied by the 
alcoho] molecule on the molecule of polystyrene 
“an also be attached by the benzoyl peroxide 
molecule and the former is éxpelled out of the 
added place by the latter. The same result 
can also be seen more clearly from the experi- 
ments given in Table 2. In these experiments 
the polystyrene, which was prepared in heavy 
alcohol solution in the same way as above, was 
not heated in vacuum alter the experiment. 
After it was dissolved in purified benzene and 
the latter was distilled off in vacuum at room 
temperature, however, the same procedure was 
repeated once more, because the experiments, 
which will be described later, showed that the 
polystyrene, which was prepared in heavy 

















benzene, was found almost completely free from 
heavy hydrogen, when the polymer was treated 
in the same way as above, so that the 
mechanically attached heavy alcohol could also 
be assumed to be completely removed in this 
way. 


Table 2 


Poly merization of Styrene in Heavy Alcohol 
(Resulted polystyrene was not heated in vacuum 
but dried in vacuum at room temperature) 


Amount of Excess Mean 

Experi- benzoy! density molecular 

mental peroxide of water, weight of N 
No. added, g. p.p.t. polystyrene, 

M 
1 0 25 60000 1.2 
2 0 20 87400 1.2 
3 0.005 13 22300 0.21 
0.01 14 16000 0.16 

5 0.04 33 6756 0.16 
6 0.10 64 4250 0.19 





When we compare the average number of 
alcohol molecules WV attached to each molecule 
of polystyrene given in Table 1 and 2, we see 
that it is in the whole remarkably increased 
in the latter. This result can be accounted for 
by the assumption that some of the alcohol 
molecules which are chemically attached to the 
molecule of polystyrene are removed when the 
latter is heated in vacuum as it was the case 
in the experiments given in Table 1. But the 
more interesting fact which can be seen from 
Table 2 is that the number V becomes almost 
nearly unity, when no benzoyl peroxide is 
added to the reaction mixture (see exp. No. 1 
and 2). From this result it may be concluded 
thai an alcohol molecule is attached presumably 
at the starting point of the chain molecule of 
polystyrene, when the styrene is polymerized 
in alcoholic solution without adding benzoyl 
peroxide but the most part of such alcohol 
molecules is expelled out of its added place by 
the molecules of the benzoyl peroxide, when 
the latter substance is added to the reaction 
mixture. 


Polymerization of Styrene in 
Heavy Benzene 


The heavy benzene, benzene-d,, used in the 
present experiment was prepared by heating 
the mixture of calcium benzoate and calcium 
deuteroxide after the method of Morita™: 


C;H;COO = Ca+ - Ca(OD),=C,;H,;D+CaCO;. 


(3) N. Morita and T. Titani, this Bulletin,'10, 557 (1935). 
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In each experiment one cc. of so prepared 
heavy benzene was sealed together with one 
cc. of purified styrene in a glass tube and 
heated at 120° +1° for twenty hours. No 
benzoyl peroxide was added in some cases, while 
about 0.02 g. of it was added in other cases. 
After the heating, the content of the sealed 
tube was dissolved in five cc. of purified 
benzene. Then, in the first experiment (No. 1 
in Table 3) the benzene was distilled off in 
vacuum and the remained polymer was heated 
in vacuum at 100° for five hours. In the 
second experiment the polymer, which remained 
aiter the distillation of benzene, was dissolved 
once more in benzene and then treated in the 
same way as in the first experiment. In the 
third experiment the content of the sealed tube 
was dissolved in benzene as in the case of the 
first experiment and the polymer which re- 
mained after the distillation of benzene was 
heated in vacuum at 100° for twenty hours, 
And in the last forth experiment the polymer 
was precipitated from its solution in benzene 
by the addition of purified alcohol and the 
same process was repeated two times. Then 
the precipitated polymer was heated in vacuum 
at 100° for twenty hours as in the case of the 
third experiment. 

In every case the larger part of the purified 
polymer was burnt to water and its excess 
density was measured by a glass bouyancy 
balance. At the seme time the remaining part 
of the polymer was used for the determination 
of mean molecular weight J. And from these 
data the number of heavy benzene molecules, 
attached to each molecule of polystyrene was 
calculated. The figure N given in the last 
column of Table 3 represents this number. | 


Table 3 
Polymerization of Styrene in Heavy Benzene 


Experi- Amount of Temperature Excess Mean mole- 

mental benzoyl and time of density cular weight 

No. peroxide drying of water, of polymer, 
added, g- p.p.m, M 


1 0 100°C, dhrs 7 55900 = 0.3 
2 0 100°C,5 7 | 50L00 = 0.3 
: 0.02 100°C,207 —2 11700 «—O 
4 0.02 100°C,207 -—3 12400 O 


From the result given in Table 3 it may be 
concluded that the last trace of the heavy 
benzene can be expelled out of the polystyrene 
when the latter is heated in vacuum at 100° 
for twenty hours. This result is very interesting 
when it is compared with that of heavy alcohol 
shown in Table 1, where ii was found that a 
certain amount of heavy alcohol remained in 
the polystyrene, even if the polymer was heated 
in vacuum at 100° for twenty hours, when it 
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was formed in the solution of heavy alcohol. 
The difference may be accounted for by the 
polar character of ethyl alcohol and the non- 
polar character of benzene. From the present 
result it can also be concluded that no hydrogen 
atom is exchanged between styrene and benzene 
when the former is polymerized in the solution 
of the latter. 


Polymerization of Styrene Catalyzed 
by Heavy Benzoyl Peroxide 


The heavy benzoyl peroxide used in the 
present experiment was prepared in the fol- 
lowing way. 

At first benzene-d, was prepared in the same 
way as in the preceding research by heating 
the mixture of calcium bonzoate and calcium 
deuteroxide. Then, the benzene-d, was con- 
verted into benzoyl-d,-chloride by the use of 
oxalyl chloride: 


C.H;D + (COCl),=C,H,DCOCI+CO+HCI. 


Heavy benzoyl peroxide was obtained by the 
action of hydrogen peroxide on this benzoyl- 
d,-chloride: 


2C,H,DCOCI + H.0O, 
=C,H,D-C9-0-0-CO-C,H,D+2HCl. 


Theoretically speaking, the so obtained benzoyl 
peroxide, therefore, must contain two deuterium 


atoms in each molecule. But the isotopic 
analysis showed that this number was little 
larger than two, namely 2.32. The discrepancy 
may be accounted for by some side reactions 
(exchange reaction), which occured in the first 
step of the reaction, viz. the preparation of 
heavy benzene, because its isotopic analysis 
showed a little larger deuterium content than 
the theoretical one. 

In each case of the experiment, one cc. of 
styrene, which was purified directly before the 
experiment, was sealed together with 0.01 to 
0.04 g. of heavy benzoyl peroxide in a glass 
tube and heated at 120°2+1° for twenty 
hours. After the heating, the content of the 
glass tube was dissolved in about five cc. of 
purified benzene and to this solution purified 
alcohol was carefully added until no more 
polystyrene was precipitated. Then the pre- 
cipitated polystyrene was once more dissolved 
in benzene. In most cases this procedure was 
repeated from two to three times, in order to 
make the polystyrene free from the mechani- 
cally adhered benzoyl peroxide as completely 
as possible. % 

The larger part of the purified polystyrene 
was then burnt to water and its excess density 
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was determined by the use of a glass bouyancy 
balance. At the same time the remaining part 
of the polymer was used for the determination 
of the mean molecular weight WM, in the same 
way as described in the preceding research. The 
result of the experiment is shown in Table 4, 
where the excess density of water given in 
brackets is the corrected one, which was 
calculated from the directly observed one under 
the assumption that exactly two deuterium 
atoms were contained in each molecule of 
benzoy! peroxide and the number NV given in 
the last column represents the average number 
of deuterium atoms contained in each molecule 
of the polystyrene, being calculated by the use 
of the above mentioned corrected value of 
excess density. But as this number is approxi- 
mately unity, it may be concluded that just 
half a molecule of benzoyl peroxide is attached 
to each molecule of polystyrene, when it is 
taken into account that each molecule of 
benzoyl peroxide contains two deuterium atoms. 


(4) According to the literatures, which have recently 
fallen into the hands of the author, it became known to 
him that the same conclusion was achieved by many 
other authors, But as many of these researches were 
published during the War, they did not come to the 
author’s knowlegde at the time, when the present research 
was made, 
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Table 4 


Polymerization of Styrene Catalyzed 
by Heavy Benzoyl Peroxide 


Amount of Number of Excess 

Experi- benzoyl reprecipi- density 
mental peroxide tation with of water, 

No. added, g. alcohol p.p.m, 


Mean : 
olec 
weight ot 
polystyrene, 
x 
19000 1.3 
1770 1.2 
190090 1.3 
8200 1.6 


1 9.01 1 
2 0.01 2 
3 0.01 3 
4 0.04 2 


112(96) 
114(98) 
113(97) 
326 (280) 


It follows therefore that the molecule of benzoyl 
peroxide is split into two equal parts and the 
so formed free radical C;H,-CO-O- is attached 
to the starting point of the chain molecule of 
polystyrene.“ 


The author wishes to express his sincere 
thanks to Prof. T. Titani, who suggested this 
research and helped in the publication. <A part 
of the cost of the present research has been 
defrayed from the Scientific Research En- 
couragement Grant from the Ministry of 
Education, to which the author’s thanks are 
due. 


Chemical Institute, Faculty of Science, 
Osaka University, Osaka 
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It has been found previously by Yosida and 
one of the authors that no exchange reaction 
of hydrogen atoms occurs during the chain 
polymerization of styrene in its solution in 
heavy alcohol or heavy benzene. It has been 
found further that a half of the molecule of 
benzoyl peroxide is attached at the starting 
point of the chain molecule of polystyrene, when 
it is prepared by the thermal polymerization 
of styrene in the presence of benzoyl peroxide as 
a polymerizing catalyst.®? The same result has 
also been reported by many other authors.“ 


(1) Preliminarily reported in Scientific Papers from 
the Osaka University, No. 4, 1949. 

(2) T. Yosida and T, Titani, this Bulletin 16, 125 
(1941); T. Vosida, ibid. 23, 209(1950). 

(3) B.E. Tate, J. Am, Chem, Soc., 65, 517 (1943); P. D. 
Bartlett and J, Cohen, ibid., 65, 543(1943); A. T. Blom- 
quist, J, R. Johnson and H, J. Sykes, ibid., 65, 2446 (1943); 


It is also a well known fact that polystyrene 
can easily be decomposed by heating it at a 
comparatively low temperature and at this 
thermal decomposition it gives mainly unaltered 
monomer molecules of styrene. This fact sug- 
gests us that the bond linking the monomer 
molecules together in the chain is much weaker 
than the CH-CH, bond in each monomer 
molecule, because otherwise the chain polymer 
may give irregular decomposition products at 
its thermal decomposition just as in the case 
of the thermal cracking of long chain hydro- 
carbons. 

From these experimental results we came to 
the conclusion that the chain molecule of 


H. F. Pfann, F. J. Salley and H. Mark, ibid., 66, 984 
(1944); C. C. Price, R, W. Kell and E, Krebs, tbid., 68, 
1686 (1946). 
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polystyrene may have a nature of a sort of 
free radical. The back bone chain of the 
molecule is linked together by incomplete single 
bonds --++- and incomplete double bonds == 
alternatively and at the starting point of the 
chain a fraction K of the molecule of the 
polymerizing catalyst is attached, so that at 
the end of the chain a weak free valence 
bond remains, a8 may be shown by the formula: 


By the incomplete single bond we mean 
such a bond that is more or less weaker than 
a normal single bond but is not necessarily 
a half bond. Similarly the incomplete double 
bond represents such a bond that is to a certain 
extent weaker than a normal] double bond but 
is not necessarily a one and a half bond. 
Moreover, the fraction K of the catalyst 
molecule may be a free oxygen molecule dis- 
solved in the sample or adsorbed on the wall 
of the reaction vessel or a fraction of the 
molecule of some unknown compounds un- 
consciously contained or formed in the reaction 
system, when no polymerizing catalysts are 
intentionally added, as it is the case for the 
so-called thermal polymerization. The former 
assumption that the free oxygen molecule plays 
the role of the polymerizing catalyst is so far 
plausible as the oxygen molecule having a 
nature of a free radical and having two non- 
paired electrons in a molecule. But in any 
case at the other end of the chain molecule a 
weak free valence bond always remains, so that 
the chain polymer must have a nature of a 
sort of free radical.“> However, the free 
radical nature of the so formed chain molecule 
is largely minimized through the resonance 
between the free valence bond remaining at the 
end of the chain and many benzene nuclei 
attached to the chain, because the back bone 
of the chain is linked together through the 
conjugation of many incomplete double bonds. 
The situation somewhat resembles to the case 
of the triphenyl-methyl, whose molecule is 
stabilized through the resonance between the 


(4) The possibility, that the chain starts without the 
help of any polymerizing catalyst, can not necessarily be 
excluded and in this case the resulted chain polymer 
must have a nature of biradical, having a free valence 
bond not only at the end but also at the head of the 
molecule, But as the following discussion is little 
influenced by this situation, we assume here that the 
chain polymer has a structure of monoradical, 
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free valence bond which remained at the central 
carbon atom and three benzene nuclei attached 
to this carbon atom. In other words, the larger 
part of the cloud of the non-paired electron 
remaining at the end of the polymer chain is 
absorbed by many benzene nuclei attached to 
the chain, through a sort of conjugated double 
bond system. And as a result of this polariza- 
tion of the electron cloud, the end of the chain 
molecule must be positively while the body of 
the molecule negatively polarized. Accordingly, 
when the degree of this polarization reaches a 
certain extent, the positively polarized end of 
the molecule must be pulled into the negatively 
polarized clew-formed body of the molecule 
and in this way the growth of the chain is 
stopped. 

When this is the case, it may be possible to 
increase the length of the chain by applying 
an electrostatic field on the growing chain of 
the polystyrene, so as to pull out the hiding 
end of the chain out of the clew-formed 
molecular body and thus subject to further 
reaction. The present experiments showed that 
this is actually the case. The molecular weight 
of polystyrene, which was prepared by heating 
liquid styrene at 120° for three to four hours 
under the influence of the electrostatic field of 
8,000 to 9,000 volt per em. was found about 
85 to 36% larger than that of the polystyrene 
formed under the same conditions but without 
the electric field. 

The experiment was carried out in a small 
glass cell with a glass stopper, through which 
two platinum electrodes of the same size 
0.9x0.9 em. were introduced. The distance 
between the electrodes in the cell was 0.8 cm. 
Two such cells were constructed with due 
precautions to make their size and form as 
equal as possible. In each experiment, both 
cells were charged with same quantities (2 cc.) 
of purified styrene, and were placed side by 
side in an electrically heated air thermostat, 
the temperature of which was kept constant at 
120° + 2° throughout the experiment. To the 
electrodes of one cell an electrostatic field 
generated by a vacuum tube rectifier was 
applied, while the other cell served as a control 
test. Thus, two equal portions of the same 
styrene were separately but simultaneously 
heated at the same temperature, the one being 
under the influence of the electric field, while 
the other not. After three or four hours, the 
experiment was stopped, and the contents of 
the cells were separately dissolved in 20 cc. of 
purified benzene. Ten cc. each of the solutions 
were then subjected to the distillation in 
vacuum to make the polystyrene completely 
free from the non-polymerized monomeric 
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styrene. The portions of the polystyrene were 
dissolved once more in a weighted amount of 
purified benzene and the molecular weight of 
the polymer was determined by measuring the 
osmotic pressure of this benzene solution using 
a denitrificated collodion membrane as a 
semipermeable septum. The results of the 
experiments are shown in Table J, from which 
it can be seen that not only the degree but 
also the quantities of polymerization somewhat 
increase under the infiuence of the electrostatic 
field. 


Table 1 


Polymerization of Styrene under the 
Influence of Electrostatic Field 


Experimental 


No. of conditious Polymerized Molecular 
experi- —_— — quantities, weight of 
ment Voltage Dura- polymer 
applied, tion, % 
per cm, hrs. 
f 0 4 29.4 84, 000 
\ 9,000 + 33.0 114, 000 
f 0 3 22.0 85, 000 
(8, 000 3 25.5 115, 000 


In the preceding research” it has been 
found that not only the degree but also the 
quantities of polymerization increases when an 
electrostatic field is applied during the thermal 
polymerization of styrene. And this result has 
been accounted for by the assumption that the 
positively polarized end of the chain molecule 
of polystyrene is pulled out of its negatively 
polarized clew-formed body under the effect of 
the electrostatic field and in this way the rate 
of chain growth viz. the rate of addition of 
the monomer molecule to the growing end of 
the polymer molecule increases. But if this is 
the only effect of the electric field, the degree 
and the quantities of polymerization must 
increase at the same rate, so long as the rate 
of formation of the polymerization nuclei may 
not be greatly influenced by the electric field. 
As a matter of fact, however, it has been found 
in the preceding research that the rate of 


be (1) T. Titani and G, Mesituka, this Bulletin, 23, 212 
(1950). 
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From the present results the same effect 
may also be expected for the other sorts of 
vinyl derivatives of the form R-CH=CH.,, so 
long as the side chain radical R has an 
unsaturated nature, for examples, —COOH, 
—COOCH,, —OOC-CH.,, -Cl, -Br, -CN ete. 
Such experiments are now going on in our 
laboratory. 


We are deeply indebted to Prof. J. Horiuti 
of Hokkaido University for his kind and 
valuable suggestions and to Prof. R. Tsuchida 
as well as the refelee of this Bulletin for 
their kind discussion for the present research. 
Our thanks are also due to Mr. Y. Yoshikawa, 
who helped us in the construction of the 
vacuum-tube rectifier. A part of the cost of 
the present research has been defrayed from 
the Scientific Research Encouragement. Grant 
from the Ministry of Education, to which the 
authors’ thanks are due. 


Chemical Institute, Faculty of Science, 
Osaka University, Osaka 







increase in the degree of polymerization is 
much larger than that in the quantities of 
polymerization. This result suggests to us that 
not only the rate of chain growth viz. the 
rate of addition of the monomer molecule to 
the polymer molecule but also the rate of 
coupling viz. the rate of combination of the 
polymer molecules with each other must in- 
crease under the influence of the electrostatic 
field. With this presumption we applied in 
the present research an electrostatic field on 
the solution of the already polymerized poly- 
styrene and actually found that the mean 
molecular weight of the latter is remarkably 
increased by this process. 

The apparatus used is generally the same as 
that was used in the preceding experiment 
except the form and construction of the 
electrodes. Instead of the square platinum 
electrodes, which were introduced vertically 
into the cell in the preceding experiment, two 
circular electrodes made of pure nickel were 
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introduced horizontally into the cell as is shown 
in Fig. 1. The diameter of the electrodes was 


+ 
































Fig. 1.—Reaction cell. 
a, electrode; b, solution. 


made a little smaller than that of the inner 
diameter of the cell («a. 2 em.) and the vertical 
distance of the electrodes in the cell was 
about 1 cm. 

In each experiment the cell was charged 
with a solution of polystyrene in benzene, 
which was made by dissolving 0.3 g. of poly- 
styrene in 3 cc. of purified benzene. The 
meniscus of the solution in the cell was adjusted 
a little higher than the upper surface of the 
upper electrode. The charged cell was then 
placed in an electrically beated air-thermostat 
and the outer ends of the electrodes were 
connected with the poles of a vacuum tube 
rectifier. In this way an electrostatic field of 
various strength was applied to the solution 
between the electrodes in the cell at a constant 
temperature. The temperature of the ther- 
mostat was kept constant at 60.0° + 05° 
throughout the whole series of experiments. 
After 50 hours the experiment was stopped 
and the solution in the cell was poured out. 
A part of the so treated solution was then 
used for the determination of molecular weight, 
while the residual part was used for the 
determination of its viscosity. The determina- 
tion of the molecular weight was carried out 
by the osmometric method in the same way 
as in the preceding research while that of the 
viscosity by means of an Ostwald’s viscosi- 
meter. The results of the experiments are 
summarized in Table 1, where the quantities 
with suffix © are referred to the original 
polymer, which was used in the whole series 
of the experiments. 


The Increase of the Mean Molecular Weight of Polystyrene 


Expt. conditions Mean 


Table 1 


Effect of the Electrostatic Field of Various 

Strength on the Degree of Polymerization of 
Polystyrene in Benzene Solution 
Experimental 

Viscosity 

molecular y of solu- » 

No. Voltage Tempe- Dura- weight, Zz tion, 





applied, rature, tion, u 0 n 70 
volt/em. °C hrs, r 
l 0 Room QO 148,000 1.00 0.115 1,00 


temp. 
2 500 ~=660 50 
3 1,000 60 50 
4 2,000 60 50 
5 4,000 60 50 
6 8,000 60 50 


150,000 1,02 0,115 1,00 
160,000 1.08 0.114 0.99 
164,000 1.11 0.114 0,99 
169,000 1.14 0.114 0.99 
240,000 1.62 0.116 1,01 








It will be seen from the Table that the mean 
molecular weight i of the polystyrene really 
increases with the increasing strength of the 
applied electrostatic field. But quite .unex- 
pectedly the viscosity of the solution was found 
to remain almost constant notwithstanding the 
increasing molecular weight of the polymer. 
This interesting result may however be ac- 
counted for at least qualitatively in the 
following way. It has been assumed in the 
previous communication that a sort of residual 
valency remains at the end of the chain 
molecule of the polymer even in its stabilized 
state. If this is actually the case, the viscosity 
of ‘the polymer solution will not only be 
affected by the size of the molecule, as so far 
being assumed, but also by the strength of the 
residual valency remaining at the end of each 
polymer molecule. The viscosity of the solution 
may increase with the increasing strength of 
the residual valency just as with the increasing 
size of the molecule. But as the strength of 
the residual valency clearly decreases when the 
size of the molecule increases through the 
coupling of the molecules under the influence 
of the electric field, both the effects on the 
viscosity of the solution may to some extent 
mutually be cancelled. This may be the reason 
why the viscosity of the solution does not 
change so much even when the mean molecular 
weight of the polymer remarkably increases 
under the effect of the electrostatic field. 
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Etude des matiéres en suspension dans |]’eau naturelle. I 


La construction d’un turbidimétre portatif et la correlation entre 
la turbidité et la quantité des matiéres en suspension dans |’eau 


par Takahisa HANYA 


(Regu, le 14 juin 1950) 


Introduction 


La turbidité de l’eau naturelle est variable 
selon sa pureté; ilest & peu prés impossible de 
Vobserver a état de pureté absolue excepté 
dans le laboratoire. T’eau naturelle contient 
toujours des étres. vivants ou des poussiéres 
minérales et organiques. Le role de ces ma- 
tiéres en suspension est trés interessant au point 
de vue géochimique ainsi qu’au point de vue 
de Vindustrie de la péche. 

A présent, on emploie généralement, pour 
préciser la turbidité le moyen du fameux ap- 
pareil de Secchi. Mais il est évident que par 
ce moyen nous ne pouvons poursiivre en détail 
la turbidité et la nature des matiéres suspen- 
dues. En recherchant en détail la turbidité 
dans Ja mer ou dans les lacs etc., il faut l’ex- 
amiiner a divers points et a diverses profondeurs. 
De plus, nous devons l’examiner le plus vite 
possible, parce que la nature des matiéres sus- 
pendues de l’eau prise dans une bouteille ne se 
trouve pas longtemps au méme ¢tat que dans 
la nature. 

Nous avons done construit un turbidimétre 
portatif pour suffire 4 nos besoins. Nous par- 
lerons d’abord briévement de sa structure et puis 
de Ja correlation entre la quantité des matiéres 
suspendues et le degré de la turbidité mesurée 
par cet appareil. 


Construction de turbidimetre 
et son opération 


(1) Le mode principal de la mesure.— 
La turbidité se mesure en général dans le 
laboratoire par l’intensité de la lumiére diffusée 
par des matiéres suspendues ou qui pénétre a 
travers l’eau trouble a examiner.) ()- () 
Nous avons profité de ce dernier mode. 

Une part de la lumiére de la source S atieint 
Ja cellule photoélectrique (H,) et autre la (Zz) 


(1) R. Bowling Barnes et Charles R, Stuck, Anal. 
Chem., 21, 181-4(1949). 

(2) H, P. Kortschak, Anal, Chem., 19, 692 (1947). 

(8) M. Mukai, Journal of the Meteorological Society of 
Japan, If, 19, 146(1941), 


cc $+ €, 


00 rH 


Ep 


| 
| 


Figure 1,—E, et Ep, cellu'es photoéléc- 
triques; T, tube d’eau; F, fente; S, source 
de lumiére; C, collimateur; G, galvano- 
métre; r,, résistance fixée 1200hm; fz, 
résistance variable 120 ohm. 


en passant le tube d’eau. La proportion de 
Yintensité de la lumiére Es /E, se mesure poten- 
tiométriquement par la zéro-methode. 


(2) Le mode opératoire et la calculation: 
(a).—On remplit le tube de V’eau pure et on 
mesure la proportion 


To = Ep/Ea . 


{(b).—En suite, on le remplit de l’eau naturelle 
a& examiner et on mesure ia proportion 


r= Ex ‘Ea. 


(c).—Le degré de la turbidité, JA, se calcule 
par la formule suivante. 


2.303 ro 


Ar = — 1 -log 
(I: longueur du tube d’eau) 


(3) La signification de 4) (coefficient 
d@’extinction).— Au cas de solution colorée 
dans laquelle la loi de Lambert-Beer s’applique, 
la valeur de Z) qui se calcule ainsi est indé- 
pendante de la structure de l'appareil et s’ap- 
pelle e coefficient d’extinction de la solution 
colorée. Au contraire, dans le cas d’eau trouble, 
Ax varie a la méme turbidité, selon la structure 
de Vappareil; 4X n’a pas de signification 
exactement physique. Mais nous prenons pour 
plus de commodité comme unité de la turbidité 
ce que nous allons nommer “le coefficient 
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d’extinction” de l'eau trouble. La description 
a suivre en montrera la commodité. 


Correlation entre 4) et la quantité 
des matieres suspendues 


Un des buts principaux de notre mesure 
de la turbidité est d’estimer la quantité des 
matiéres suspendues dans Jl’eau naturelle. 
Naturellement comme le montrent beaucoup 
d’expériences, il n’y a pas de relation simple 
entre la turbidité et la quantité.\ Mais il est 
trés important pour avancer notre recherche de 
connaitre cette relation dans le cas ou la 
nature des matiéres suspendues est claire. 

Nous avons done d’abord poursuivre cette 
relation dans la suspension des poussiéres de 
verre de silice, parce qu'il est a peine soluble 
dans l’eau et que leur dimension est as-ez facile- 
ment déterminée, par la loi de Stokes, en 


(4) Bechhold und Hebler, Kolloid Z., 31, 70(1922). 
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mesurant leur vitesse de sédimentation. 

Nous pulvérisons aussi finement que possible 
du verre de silice dans un mortier d’agate, 
comme on fait dans le cas d’analyse de silicate. 
Ces poussiéres se composent de diverses dimen- 
sions. Nous en avons donc choisi par le moyen 
de lavage de cinq sortes dont les distributions 


de dimension sont montrées a la figure 3. 


Sus. | 


Sus.4 Sus.3  Sus.2 


0.5 1.0 1.5 
Rayon des poussiéres, 


Figure 3.—Distributions des dimensions des 
poussiéres de verre de silice. Rayon des pous- 
siéres 4 la maximum qnantité: Suspension 1, 
1.26; 2, 0-89; 3, 0.6;; 4, 0.5,; 5 & 5’, 0.5>. 


Poids, unité arbitraire 
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Nous avons déterminé 4X de ces cing sortes ee 1 
A . : ’ ’ 
de suspensions aux diverses concentrations avec = C, > r 20 — oe Caro Care 
cet appareil de deux maniéres, en nous servant 255), me-/1- em-!, em-1, ™S‘/L mg: -/1. ag-/i meg} 
de deux sortes de tubes. Au premier cas (J)4y), ; ons yess 0 ~" A 0 
nous avons employé un tube de 2.8cm. de 33.3 "9 6.5 —0.4 ‘ 
diamétre et 40cm. de long, et l’avons mis a 18.1 3.3 x 0.0 
la place montrée a la figure 2b; Au second 9.2 6 Le 0.0 
cas (Jd.9), un tube de 2.0cm. de diamétre et 147 29.9 29.5 —0.9 
20cm. de long et a la place montrée a la : : or 
figure 2a. 0.0 
Tableau 1 montre les valeurs de Ary et Drxo +0.1 
des suspensions. Nous pourrons exprimer en -0.1 
général la correlation entre Jd et C (quantité +0.2 
de verre de silice milligramme par litre) par +0.1 
la série des formules suivantes. 
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concentration des poussiéres de verre de 
silice déterminée par l’analyse gravimétrique. 
Cary: Concentration donnée par l’équation 
(1) et par 4Ay. 
C4ro: Concentration donnée par |’équation 
(1) et par Ago. 
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dans la solution colorée ou s’applique la loi de 
Lambert- Beer, en prenant respectivement p, C, 
et Jd pour le constant, la concentration et le 
coefficient d’extinction. 

Nous allons montrer pourquoi nous avons 
déterminé la turbidité par les deux maniéres 
en employant les deux sortes de tubes. I] est 
sans doute désirable pour nous de déterminer 
la turbidité de Yeau naturelle d’une quantité 
aussi petite que possible; nous l’avons donc 
déterminé en employant diverses sortes de 
longueur de tubes, et trouvé que le tube de 
20cm. de long est la plus convenable pour notre 
détermination par cet appareil. Nous avons 
aussi un espoire de connaitre jusqu’a un certain 
point la nature des matiéres suspendues dans 
Yeau naturelle en déterminant en méme temps 
la turbidité par les dites deux maniéres et en 
comparant les valeurs de Jy et Aro. C'est 
la raison pour laquelle nous avons decrit en 
détail la correlation entre la quantité des ma- 
tiéres suspendues et la turbidité donnée par ces 
deux maniéres. Les descriptions ci-dessus ser- 
viront a la compréhension des expériences que 
nous allons montrer dans une série des mémoi- 
res 2 suivre. 
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Resumé 


Nous avons de nouveau construit un turbi- 
dimétre portatif par lequel nous pouvons dé- 
terminer sur place plus exactement et plus 
promptement que par tout autre appareil jus- 
qvici construit au Japon la turbidité de beau- 
coup déchantillons de Veau naturelle un peu 
trouble et en petite quantité. 

Nous pouvons exprimer la correlation entre 
la quantité des matiéres suspendues et la tur- 
bidité donnée par cet appareil par le type 
Véquation suivante. 


log nC = mlog 4X 


En terminant ce compte-rendu de nos re- 
cherches, nous avons l’honneur d’exprimer nos 
sincéres remerciments a M.M. les Professeurs 
K. Sugawara et R. Ueda et a Docteur As Azuma 
pour les aimables et trés utiles conseils et sur- 
tout nous ne pouvons que rendre nos porfondes 
graces a4 M. T. Asai qui a eu la bonté de nous 
aider en chargeant de la fabrication de cet 
appareil qui exige des soins a la fois minitieux 
et accablants 

Laboratoire de chimie, faculié des 


sciences, université de 
Nagoya, Nagoya 


Researches on the Polarographic Diffusion Current. I. Criticism of 
the Ilkoi¢ Theory and Theoretical Revision of the Ilkovic Equation 


By Tomihito KAMBARA, Makoto SUZUKI and Isamu TACHI 


(Received June 23, 1950) 


Introduction 


The widely known Ilkovic equation repre- 
senting the diffusion current at the dropping 
mercury electrode was first derived by D. 
Ikovié™ and later by MacGillavry and Rideal™ 
and by Stackelberg“?; they obtained the 
same result, although each of them treated 
this problem in a different manner. Thus 
derived Ilkovi¢ equation has been examined 
experimentally in several manners and it is 
proved that in many features this equation 


(1) D. Ilkovié, Collection Czech. Chem. Communs., &, 498 
(1934). 

(2) D. MacGillavry and E. K. Rideal, Rec. trav. chim. 
Pays-Bas, 56, 1013 (1937). 

(3) M. v. Stackelberg, Z. Elektrochem., 45, 466 (1939). 


shows an excellent harmony with the observed 
facts. Recently, however, it has been pointed 
out by McKenzie“? that the oscillographic 
investigation of the current-time curves during 
one drop-life gives a considerable deviation 
between the theoretical predictions and the 
experimental observations. Upon examining 
some fundamental postulates underlying the 
Ilkovié theory, we have reached to the con- 
clusion that the ignorance of the curvature of 
mercury drop is not legitimate and that the 
Ilkovié theory should be revised to some 
extent. 

In this paper the short derivation of Ilkovié 
equation will be shown in order to criticize 


(4) H. A. MeKenzie, J. Am. Chem. Soc., 7Q, 3147 (1948). 
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the theory and then our revised theoretical 
treatment will be described comparing with 
the old one. 


Derivation and Criticism of the 
Ilkovie Theory 


Since in the ordinary polarographic elect- 
rolysis an excess amount of indifferent electrolyte 
is added to the solution to be electrolyzed, the 
depolarizer is obliged to reach to the dropping 
electrode suriace only by diffusion. Thus the 
depolarizer is exhausted near the cathode sur- 
face and a diffusion layer surrounding the 
dropping electrode is established. Ilkovié has 
assumed that the thickness of the diffusion 
layer should be very small compared with the 
radius of the mercury drop, and that the 
movement of depolarizer is expressed by the 
first and the second laws of Fick; 7. e., 


oC J 


Ot 


dz=—D-+q: dt (1) 


oc oC 
=. 


ot or 7 


where C is concentration of the depolarizer in 
mol per cc., , distance from the dropping 
electrode suriace in cm., ¢, time in sec., D, 
diffusion constant of the depolarizer in cm.” per 
sec. and dn, the amount of the depolarizer 
which penetrates the cross-section q during the 
time dt. 

Then it is considered that the diffusion of the 
depolarizer is a unidimensional problem. The 
boundary conditions are as follows: 


C=*C----when «>0, 
C=°C--++-when c=0, 


t=0 | 
t>0 J 


where *C and °C are the concentration in the 
bulk of the solution and at the electrode sur- 
face, respectively. Hence Eq. (2) can be 
integrated and the result is 


c= "C+ (*0—°0)-H( (4) 


3/5 ), 


where 


2 s., 
H(S)= 7 feeac 
Vv Jo 


The concentration gradient at the cathode 
surface (x=) can be expressed as follows: 


) - *C—°C - s. (5) 
Or Jeno WV 2Dt 81 


= VnDt ? 
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where §, is the differential thickness of the 
diffusion layer (see Fig. 1). 

From Eqs. (1), (5) and (6), the total amount 
of the depolarizer transferred to the electrode 
surface by diffusion during the time interval 


from t=0 to t=t is shown to be 


tt ft *Q__° 
- dn= [D-4- “! Cat 
t=0 0 8: 


_ ft Deg: (*¥C—°C) 
0 Vv 2Dt 
“ae 


“dt 


9 (*0—°C)V Dt | 
a \ J 


and accordingly 


° t 6 

~ va Y 
“q°6, = 

aD ae 0 8: 


-dt. 

This equation, which should be called the 
Stackelberg’s intergral equation, represents that 
the differential thickness of the diffusion layer 
at the time ¢ depends not only on the total 
amount which has reached the _ electrode 
surface in the whole time elapsed after the 
diffusion has begun, but also on the surface 
area. Stackelberg considered an integral thick- 
ness of the diffusion layer, 4,, which would 
exist if there were a linear fall of the concent- 
ration. The differential and integral thickness 
of the diffusion layer are related to each 
other, as shown in Fig. 1, by the equation 


(8) 


x 


Fig. 1.—Schematic repesentation of the 
differential and integral] thickness of the 
diffusion layer at a plane electrode. 


Now at the dropping electrode, the volume 
and also the surface area of mercury drop 
increase with the time elapsed after the forma- 
tion of the drop has commenced. Ilkovie has 
assumed a linear increase in the volume of the 
drop with time, 7. ¢., 


(9) 








1€ 


rt 
le 
al 
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where 7, is the radius of the drop considered 
as a sphere at the time ¢, and m, is the rate 
of flow of mercury from the capillary in g. per 
sec. and d=13.6 is the specific gravity of 
mercury. Hence the surface area of mercury 
drop is given by 


8m, \2/3 
q=4arZ=4n i 7/3, 10 
. . ( 4nd ) (10) 
Tf this relation is inserted into Eq. (7), and 
the equation thus obtained is solved, “8,, the 
thickness of the diffusion layer around the 
dropping mercury electrode, is shown to be 


= 2 Dt (11) 


which means that at the dropping electrode 
the diffusion layer is compressed by the ex- 
pansion of the mercury drop and becomes 
much thinner compared with that at a sta- 
tionary electrode. Consequently the concent- 
ration gradient at the dropping electrode 
surface is given by 


a/ 50 *C—°C *C—°C 
= =—3. = 5’ (12) 
og aa 1 /3 xDt 


If nF is the electricity equivalent to the 
electrode reaction of one mol of the depolarizer, 
it is shown from the Fick’s first law that the 
instantaneous current intensity 7 is given by 


= 1127 1/2 3 2/3 
i=( 3 ) ow 


- nF (*C—°C)-DV/2-m,7/3-tV/6, (13) 


If ¢, is the drop time, the mean current 7 is 
shown to be 


t1 
_ = i-dt; 
ti Jo 


accordingly the following equation can be 
obtained : 


_ 6 1127 \1/2 8 \2/3 
= . . 
7 ( 3 ) BS 


- nF (*C—°C)+DV2-m,2/3-t,1/6 
= 0.627 nF (*C—°C)DV2-m,2/3-t,/6 (14, a) 





and also 


_ 6, - 
‘= = tmaz » (15) 





where imaz iS the maximum value of in- 
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stantaneous current which flows at t= ¢,. 
Under the condition where the mean value of 
the limiting diffusion current iq is obtained, 


74 = 0.627 nF -*C-DV/2-m,2/3+t, V6, (14, b) 


because in this case, °C, the concentration of 
the depolarizer at the cathode surface can be 
regarded to be nearly zero. When i is 
measured in microampere (Iq), m,; in mg. per 
sec. (m), and *C in millimol per liter (C), 
then the above equation is transformed to 
the form 


Ig=605 nCD1/? m2 3 t,1/6, (14, c) 


Note.— Ilkovi¢™ has derived Eq. (12) by the 
following procedure. The movement of solution 
near the drop surface owing to the expansion of 
mercury drop can be represented by 


qx = const., (16) 


and hence the diffusion layer is compressed to a 
much thinner layer, as already mentioned ; 
Stackelberg“ denoted this effect of the convection 
of solution by the word ‘“Seifenblasenmodell.” 

Combination of Eqs. (10) and (16) gives v, the 
velocity of approach of solution to the drop 
surface; thus 

dx ce dq _ 2a 


= =— . =— 6 17 
oe q° at 3¢ al 


The concentration of the depolarizer C is com- 
pletely determined by the two independent 
variables x and ¢; wWe., 


C=C, t). (18) 
Hence 
a dc ac dx 


= - . ° 19 
ot dt 0x dt co) 


The Fick’s second law states: 


dc #C . 
=D. ” 20 
at =? oat = 
Consequently the following differential eqation is 
obtained from Eqs, (17), (19) and (20): 


2 » ’ 
ac #C 2c ac 21) 
3t 0x 
likovié has derived Eq. (21) in such a manner. 
This equation, however, can be obtained in a 
different way, i. ¢., the flux of the depolarizer, f, 
is given by 
ac 


f=-D.- on +u-C. 


Accordingly it follows that 







(5) D. Ikovit, J. chim. phys., 35, 129(1938). 
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. ac eC. aC esi 
div f=- = a—Dotv +e div v. 


Since the medium is approximately incompres- 
sible it is seen that 


div v=0. 


Consequently inserting Eq. (i7) into the above 
equation gives Eq. (21). 

Eq. (21) can be intergrated, as carried out by 
Ilkovié, but his procedure is rather difficult. The 
easiest way is as follows. Let us introduce a new 
quantity defined by 


(22) 


then the appropriate solution can be readily seen 
to be given by 


C=°C (*C— . 
a C)-H( oy Tari ) pt ) 


Prom this equation the concentration ,gradient 
at the surface of dropping electrode, i. ¢., Eq. (12) 
is obtained immediately. 

It is quite curious that MacGillavry and 
Ridea|™ obtained the same result although they 
treated this problem as a tri-dimensional diffu- 
sion, i. ¢., they employed the spherical coordinate 
system. Upon examining their procedure it 
becomes evident that their theory is not legitimate 
because the velocity of approach of solution to 
the dropping electrode surface is considered to 
be zero, owing to the erroneous transformation 
of the coordinate system. This will be discussed 
again in the following article. 


The Theoretical Revision of the 
Ilkovié Equation 


Suppose that a diffusion process is occurring 
at a stationary spherical electrode. Let r be 
the distance from the center of the sphere, then 
in such a spherical coordinate the Fick’s laws 
are written as follows: 

dn = - 


D-q-grad C $s 


a0 207 
a, : div grad C=“ ¢ + 
Dot or? 7 


li r is the radius of the spherical electrode, the 
boundary conditions are given by 


r=, ee) 
r>r = % 


TS Pas t= ‘| 


C="¢:-; 
C0 =*¢C.. 


=*C..+-when 


-- when 
-+ when (III) 


¢ —> CO 


Thus the appropriate integral of the Eq. (II) 
is shown to be 
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c=°c" +¢(1- =) 
r r 


: r 2 2b 
+(*C—°C) ae = [ers -as. (IV) 


r V@aJo 


Accordingly the concentration gradient at the 
electrode surface is given by 


oc —— 1 1 ) 
xe G+ a Di 


*C — °C 


5 (V) 
and 6,, the differential thickness of the diffu- 
sion layer at the spherical electrode, is seen to 
be given by 


1 1 
V mDt 


co 


Or Fi Ty 


It can be shown from this formula that in 
this case the equation corresponding to the 
Stackelherg’s integral equation is given by 


Ls ‘ 8 f by 4 
xp f 5, dt=r, i) 


(VID) 


sg 2( sn ) ; 


if we assume a linear 


Furthermore, fall of the 
concentration at the electrode surface, the 
integral thickness of the diffusion layer, J4,, 
is obtainable from the following integral 


t=t 1+4; 
dn 5 a -47rr?- dr 


t=0 


) . ° 
en ; 


and it is seen, as illustrated in Fig. 2, that 
4, is given by the following equation 


Distance from the electrode surface. 


Fig. 2.—Schematic representation of the 
differential and integral thickness of 
the diffusion layer at a_ spherical 
electrode (dotted circle). 
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(1/2,\3, 1/4,-\?, 1/4-)) 
"tian tale) tel) 
—if iA dy : 
=( — ) + 2/ as (VIII) 


Tf we assume a linear increase in the volume 
of mercury drop, it is evident that (ci. Eq. 
{9)) 


r= art V3, ) 
» 


i 
a =(3m,/4rd)'/, J %) 


Ti this relation is inserted into Eq. (VII), and 
the integral equation thus obtained is solved, 
the differential thickness of the diffusion layer 
around the dropping mercury electrode, denoted 
by “8,, can be derived as follows; 


a. 
1 —“dbr 
and 
dy/dt = y, 


it can be readily seen that 


t 
nda 41/3. 4 +! -dt=a*t ()?+ 2y). 
0 y 


Differentiation of this equation with respect to 
the time ¢ gives 


a Dat'/*(y +1) =a*{(y3+2y?)+2t(y+1)y i} 
= a®{2(y> +y?) +2t(y+1)y v}, 


where the condition 0<y<1 is used. Thus 
it is found that the following relation holds 
approximately: 


A 


2 Dt*/3 = a?(2y*t + 2y yt?) =a? — (y*t?). 


dt ° 


Upon integrating this equation, it is seen that 


: 3 . 
Peat+yt= — a Dt*/* 
é 


ry? 1/2 


“Dt 


where it can be readily seen that the integral 
constant is zero. 

Consequently the thickness of the diffusion 
layer at a dropping electrode is given by 


1 


aa 1 
4. - r iE ? (XT) 
> a Dt 
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Therefore the concentration gradient at the 
surface of the dropping electrode is shown to be 


(") sis | np 
or rery é 
Vi apt 


The above developed theory, taking into ac- 
count of the curvature of the mercury drop, is 
reduced to the Ilkovic-Stackelberg theory 
which ignores the curvature, when the following 
three conditions are used: 


q =4nr;’, 
r—r=2, 


ro. 


There is no doubt that these conditions reduce 
the Eqs. ({I)—(XII) to the Eqs. (1)—(12) 
respectively; accordingly it is obvious that the 
Ilkovié theory of the polarographic diffusion 
current is only a limiting law of our theory, 
obtained when the surface of mercury-drop is 
presumed to be plane. The instantaneous 
current intensity i can be derived from Eq. 
(XII); thus 


1 1\ 
4- 
3 ri] | 
_~aDt >| 
7 
| 


: (/ 3 \23/7 \V2 
i=nF(*C—°C)-D'/?-47 ( ) ( ): | 
\\4ard 37 (XIII) 


3 \1/3 a 
x mi2—0Me4( 2 :) s Di mv9-091 | 
mr 


Sn steaiieniii, | 


i= 0.732 nF (*C—°C)DV?(m,7/3- t/6 
+ 4.46 D'/2-m,1/3-t1/3), } 

The mean current 7 is further given by 
i = 0.627 nF (*C—°C) DV?(m,7/3+t,1/8 


+ 3.91 DV/2-m,¥/3-t,1/3), (XIV) 


where ¢, denotes the drop time. 


Current-Time Curves 


It is required from Eq. (XIII) that the 
current-time curve at a constant applied voltage 
is not exactly a parabola of one-sixth order ; 
writing 


i = k,(t1/6 + 4.46 D1/2-m,-¥/3-¢1/3) 
k, = 0.732 nF(*C—°C) D¥/?-m,?/8 


and inserting some suitable values for D and 
m,, @ g-, for simplicity assuming that 
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D = 16 x 10 cm? 
m,= 10-3 


per sec., 


g- per sec., 
it follows that 
i=k, (4/%+ 0.178 11/3) 


=k, {1+ 


wi { 1 1 ° 
0.178 71 ( ( “tee 
+ 0.17 l +; (Iint)+, (in#) 


1 -_ ) 
F (In ¢)+ -, (In #) + | 


= 1.178k, {1 + 0.192 Int + 
== 1.178 k; - ¢%-193, 


Thus it may be concluded that in the wide 
range of time, where |In¢| is not much greater 
than unity, the current-time curve is approxi- 
mately parabolic; if we write 


ake ees 
100 t®%, 


(iii) 
then @ is given by 
(iv) 


Not only the results obtained by McKenzie“, 
but also that by Ilkovié™® and by Antweiler‘” 
clearly show this relatianship. 

We also investigated experimentally the 
change of current intensity during one drop- 
life; the apparatus employed were the polaro- 
graphic equipment made by Yanagimoto Co. 








0.6 
log 


Fig. 4.—log i vs. log ¢ curves, 
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ere a 


= 


a. 


Fig. 3.— Oscillographic recordings of the 
polarographic current-time curves. Each 
number corresponds to the solution shown 
in Table 1. 


and the electro-magnetic oscillograph}jmade ‘by 
Yokogawa Co. Solutions shown in8jTable ; 1 
were electrolyzed at the room temperature, each 








08 1 
t (sec.) 


Each number corresponds to the 


solution shown in Table 1. 


(6) D. Ilkovié, 
13 (1938). 
(7) H. J. Antweiler, Z. Eleklrochem., 44, 888 (1938). 


Collection Czech. Chem. Communs., 8, 
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with the suitably applied voltage determined 





“ from the current-voltage curve. 
- Table 1 
7 . 8 i Additi 
Number Depolarizer sinlectyee o ve al 
I ca. 5x 10-7 molar sat. KNO,* + 
Nitrobenzene 

I a v * _ 
i ca, 10-? molar CoCl, 9.1 NKCl + 
V ca,10-? N CdSO, sat. KNO, - 
Vv a? 7 + 
u 210-2 N TINO, 0.1 N KNO, + 
wi 5x10-* N HNO, a - 
Ww ca, 10-2 N TINO, sat. KNO, - 
K a 4 + 
x 2x10-? molar CdSO, 0.1 N KCl + 
M 1x10-? molar CdSO,0.1 N KNO,; + 






* In buffer solution (pH = 7.0) 





Oscillograms obtained are shown in Fig. 3; 
and Fig. 4 represents the plots of log 7 against 
log t, the slopes of which are obviously not 
1/6 but are nearly 1/4~1/5 (the mean value 
reported by McKenzie is 0.29). It is expected 
rom our theory that the greater the diffusion 
constant, and the smailer the rate of flow of 
mercury, then the exponent @ in Eq. (iii) will 
approach much nearer to 1/3, i. ¢., @ will 
increase. It is demonstrated in Fig. 3 that 
with the depolarizers, the diffusion constants 
of which are comparatively great, e. g., hydro- 
gen ion and thallous ion, the plot of logi 

























In Part I™ of this research, it was reported 
that the thickness of the diffusion layer around 
the dropping mercury electrode can be expres- 
sed by an integral equation and upon solving 
this equation the new equation for the polaro- 
graphic diffusion current is obtained, which 
is capable of elucidating many osci'lographic 









(1) T. Kambara, M. Suzuki, and I. Tachi, This Bul- 
etin, 23, 219 (1950). 
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against log ¢ becomes much steeper in harmony 
with our theory. It may be concluded from 
our experiment that the discontinuity in the 
current-time curve exists at 0.3~0.9 sec. 
(According to McKenzie it lies about at the 
first 0.3 sec.); and it may be noticed that an 
addition of gelatine causes a remarkable change 
in the current-time curve, especially in the 
very youth of drop-life, as shown in Figs, 2 
and 3. Thus it may be said that the results 
obtained by McKenzie are confirmed by our 
experiment, although in some points complete 
coincidences are not found, probably owing to 
the difference in the experimental conditions; 
i. é@., in Our experiment the concentration of 
depolarizer is appreciably greater than that 
used in the ordinary polarographic electrolysis 
and in the McKenzie’s investigation. 


Summary 


The integral equation representing the thick- 
ness of the diffusion layer surrounding a 
spherical electrode is derived; upon solving 
this equation, the formula for the polarographic 
diffusion current is obtained. It becomes clear 
that the Ilkovié theory is not right because of 
its ignorance of the curvature of drop and 
that our revised equation can elucidate many 
oscillographic recordings of the polarographic 
current-time curves. 


Agricultural Chemical Laboratory, Faculty 
of Agriculture, Kyoto University. Kyoto 





recordings of fhe current-time curves during 
one drop-life. In this paper this problem will 
be treated in an orthodox way, viz., it will be 
shown that the differential equation representing 
the concentration of depolarizing matter is 
integrated and also that as for the formula 
for the diffusion current, the same result is 
obtained as in Part I, which is shown by 
numerous data to be more fitted than the old 
Ilkovié equation. 
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Distribution of Depolarizer and the 
Revised Equation for the 
Diffusion Current 


It may be assumed that the mercury drop 
expands concentrically, and let 7 be the distance 
from the center of drop considered as a sphere, 
and ¢ the time elapsed after the growth of the 
drop has begun. If C is the concentration of 
the depolarizing substance, it is obvious that C 
is a function of 7 and £; thus 


C =C(r, t). (1) 












dc oC , oC dr (2) 
dt ot or dt’ 2 
where OC Or is the variation of concentration 
with time at a fixed position (r = const.), and 
so is governed not only by diffusion but also 
by convection, whereas dC/dr is the variation 
of concentration due to the diffusion only. 
The rate of flow of mercury out of the capillary 
may be regarded to have a constant value m, 
g. per sec., independent of time, as is postulated 
also in the Ilkovié theory.» Then the volume 
of mercury drop being proportional to the time 
elapsed after the drop has begun to grow, it is 
evident that 


r, = yt = a’*t, (3) 


where r, denotes the radius of mercury drop, 
and a is given by 


te ks de . 
See tas 4nd’ 4) 
where d = 13.6 is the density of mercury. A 
volume element considered in th» solution is 
pushed away from the center by the expansion 
of drop; hence the movement of solution is 
governed by the relation 


r> = a5t + const., (5) 
because the condition of the incompressibility of 
the medium holds. Accordingly the velocities 


with which the drop surface and the solution 
move are given by 


or 3 F 3 
vr, = < _ a ond oo dr al a (6) 
ot 8r? dt 38r? 


respectively. On the other hand, according to 
the Fick’s law in spherical coordinate, it is 
evident that 







(2) D. Ikovié, J. chim. phys., 35,°129 (1938). 


Tomihito KamBara and Isamu Tacui 








{Vol. 23, No. 6 


ac o( 20 a. 20') 


dt * 


7 
or -&- OF ” 
where D is the diffusion constant of the de- 
polarizer. Inserting Eqs. (6) and (7) into Eq. 
(2) gives 


> -2 9 y 3 > 
20 =0(20+ = a) =, 
ot a a —...—r 
which is identical with the differential equation 
derived by MacGillavry and Rideal.“ This 
equation can not be integrated immediately, 


but a special solution is readily seen to be 





C = R(const.). (9) 
Next let us introduce a new function @ 
defined by 


P=rC=P'(r, t). (10) 


Moreover the origin of coordinate will be trans- 
ferred from the center of the sphere to the 
surface of drop, then the position of 2 volume 
element considered in the solution can be rep- 
resented by the new coordinate « given by 


c=frfr-—?T. (11) 


There is no doubt that g can be expressed 
perfectly by the two independent variables « 
and ¢; thus 


P=P(e, t), (12) 


dp _oP , oP , dz 
dt ot oz at- 


The above mentioned Fick’s law can be written 
in the form: 


-2, 
oh... (14) 
dt oz? 

From Eas. (6) and (11), the approach of solution 
to the drop surface is readily seen to be ex- 
pressed by 


en I 14) 

a r rey 
Accordingly we obtain the following equation 
2 es sf : : ag (16) 


ot oz? 3\r  r2/oz 
Since in the vicinity of the surface of dropping 
electrode the condition r; > x holds, it is ap- 


proximately shown that 


(3) D. MacGillavry and E. K. Rideal, Rec. trav. chim. 
Pays-Bas, 56, 1013 (1937). 








C 








t= 
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ae . oh ae. 
3 ry? ry? 


f° 2¢+2r,) . & 


3t rr? ‘ 3t * 





Consequently 


OP op 2c OP " 
=D . (17 

ot af * eos 
which is an equation of the identical form with 
that derived by Ilkovié.:® In order to integrate 


this equation, since the procedure given by 
Ilkovié is very difficult, a new variable S given 


by 
S=s/2q/ } ve (18) 


will be introduced. Thus Eq. (17) can be 
integrated and the result is 


Ss 
r'C=Pp= pf e*.dS+Q., 
0 


Consequently the general solution for the Eq. 
{8) is approximately given by 


r=—T1 
P ‘ee Dt 


r yo 


2 ¢ 
C= e-S.4s4+ 24 R, (19) 
r 
where P, Q, and R, are constants. The bound- 
ary conditions are shown by 


C= *C----when ro, 
C= °C--+-whenr=7r,, t>0. (20) 
C=*C----whenr>r,, t=0. 


where *C is the concentration of the depolarizer 
in the bulk of the solution, and °C is that at 
the surface of the dropping electrode. Thus 
the appropriate solution is found to be 


C=°C = +- *o(1 — —e 


r r 
r—T1 


6 2 3 - 
+ (*C—c)"! . f ¥ , ™ @-S*.S, (21) 
r V2 0 


The concentration gradient at the electrode 
surface can be derived from this equation, and 
it is shown that 


ae : 2 
= (*C— ———= |, (22 
(>... (PC —°O)) = + (22) 


V2 not? 


If the electricity required by the electrode 
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reaction of one mol of the depolarizer is nF 
(F: Faraday), from the Fick’s first law the 
instantaneous current intensity 7 is shown by 


i = 0.782 nF (*C — °C)-D'/2 
x (m,7/8-¢1/6 +. 4,46 DV/2-m,1/3.¢1/3), (23) 


The mean current i is given by 


" 
i= if i-dt, 
ti Jy 


where ¢, is the drop time; thus it is evident 
that 


i = 0.627 nF (*C — °C)-D/? 
X (m2/3 +t, + 3,91 DV2-m,V3-t,1/3), (24) 


When the mean value of limiting diffusion 
current is obtainable, °C approaches to zero; 
then if the following conventional units are 
employed, i. e., 


7 Amp. = Iau Amp., 
*C mol per cc. = C millimol per liter, 


m, g. per sec, = m mg. per sec., 
it can be seen, as described in Part I“, that 


Ta = 605 nC-DV7(m?/3-t,1/6 
+ 39.1 DV2-m¥/3.t,1/3) (24,2) 


Comparison with the Experimental 
Results 


As for the polarographic current-time curves, 
the old Ilkovié equation can not elucidate the 
experimentally obtained recordings, and the 
validity of the above derived equation was 
described in Part I of this research. In this 
article, our revised equation will be compared 
with some other experimental] observations. 


Empirical Modification by Lingane and 
Loveridge.— For the polarographic diffusion 
current of lead ion, Lingane and Loveridge 
examined the exponent of m in the Ilkovié 
equation. With 


I, mB, (25) 
they obtained the result 
B = 0.64 (26) 


instead of 2/3 as required by Ilkovit. This 
result will be considered as follows. Writing 


(4) J. J. Lingane and B. A. Loveridge, J. Am, Chem, 
Soc., 68, 395 (1946). 
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Eq. (24, a) in the form indicates that the plot of diffusion current 


constant K against the drop time ¢, is not 













Tq = k,(m/? + 39.1 DV?-t,/6-m/3) , a horizontally straight line but a gradually 

ky = 605 nC-DV/2.t,/6, increasing curve as illustrated by the curve ab 

in Fig. 1. The observed curve is reported by 

and inserting the values: Lingane‘” to be the one, the shape of which 

is demonstrated by a’bin Fig. 1. The exceed- 

D(Pb**) =9.8x 10-%cm?. per sec. (at 25°), ingly rapid increase in the value of K with 

ti = 8 sec., the increasing shorter drop time, may be caused 

by the “stirring effect” due to the rapid 

it is shown that alternation of drops, as already suggested by 
Lingane. 


= b.lm2/3 = 1/3 . 
Tq = ky(m/® + 0.147 mv/®) Dependence of the Current Intensity on 


‘” ” ° . : —_ fe _ 
2p, | ly +e gee + teers ) the Height of Mercury Reservoir. — [i P is 
1 | 3 9 J the static pressure of mercury column, since 


( 1 1 the conditions 
+ 0.147 4 + 3 (In m) + ig 19 m)24--++- 


—— 
a 















; . mcoP and P+t,; = const. (29) 
= 1.147 k, {1 + 0.624 (In m) +----} 
, ‘holds, 
*= 1.147 ky -m94, 
I, = ky: EV? + ky (80) 


Thus it is obvious that in general 
is followed, where k, and k, are constants. 


1 <R< g (27) Although the plot of I, against F1/? is a straight 
$ a * om line, the line obtained does not pass the origin. 


Data by Iikovic®’ and O. H. Miller‘”’ give the 
Diffusion Current Constant.—From Eq. lines demonstrated in Fig. 2; thus it becomes 


(24,2) it is found that clear that “Eq. (30) is better than the equation 








a ese 2 
alt or yo he ths (28) Ta = ky P™?, (80, a) 
,* od 5 8 





where k, and k3 are constants. This equation 





Diffusion current 








ka + k, 















20 40 60 sn 


VP 

Fig, 2.—Relafion between the diffusion cur- 
2nt and the square root of the height of the 
mercury reservoir: Curve 1, data by Ilkovié; 
Curve 2, data by Miller; P means the height 
of the mercury reservoir. 


Diffusion current constant 








3 5 7 975° st a 
r s (5) J. J. Lingane, Anal, Chem., 21, 45(1949). 
t 
Drop time ¢, sec. (3) D. Ukovit, Collect:on Czech. Chem. Communs., G, 498 
Fig. 1.—Relation between the diffusion cur- (am). nade, eee 
. (7 . H. 3 . «Pi a » X t 
rent constant and the drop tim:e: Curve ab, ) O. H. Miiller, « Polarography ” Chap 2 


: " ‘ Weissberger’s « Phys. Meth, of Organic Chemistry” Vol. 
theoretical; Curve a’b, experimental. IT, 1946. 
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which results from the Ilkovi¢é equation and r—_p=yt 
Eq. (29). Thus it becomes clear that our equa- 
tion is more fitted than the original Ilkovic’s instead of Eq. (11), where p denotes the distance 


one. from the surface of the drop and is equal to 












The Ratio imax/i.—It can be readily seen 7” in our notations. Therefore 


that 


1.166 = — << ; =1.33, (31) 


6 z 


where ine: is the maximum current intensity 
which flows at the end of drop-life and 7 is 
the mean current. This equation agrees very 
well with the results observed by McKenzie.‘ 


Discrepancy between the Theory and 
the Experiment.—That the current increases 
remarkable slowly in the very infant age of 
drop-life, as experimented by McKenzie‘? and 
also by us“, is not comprehensible both from 
the Jlkovié theory and from the prescnt con- 
siderations. It may be imagined that some 
retarding effects are Operative in the beginning 
of each drop-life; if this problem was cleared 
up, the discontinuity in the current-time curve 
would be solved and a further progress towards 
the perfect elucidation would be made. 


Note on the Procedure given by 
MacGillavry and Rideal 


In order to integrate Eq. (8), MacGillavry 
and Rideal:* used the transformation of co- 
ordinate system given by 


(8) H. A. McKenzie, J. Am. Chem. Soc., 7Q, 3147 (1948). 





In the previous paper,” we reported that 
Mg, Zn, Cu and Fe were directly titrated with 
oxine (8-hydroxyqninoline) by the amperometric 
method and that this method was applied to 
the determination of Mg in aluminium alloys 


(1) This work was disserted in the 2nd and 3rd annual 
meetings of the Chemical Society of Japan held at Tokyo 
in 1949 and at Kyoto in 1950 respectively. 

(2) M. Ishibashi and T. Fujinaga, Bull. Chem. Soc. 
Japan, 23, 25, 27 (1950). 
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Vp =  a® 


2) 
ot 


which means that the solution does not approach 
to the surface of the drop during the expansion 
of mercury drop, whereas it is pushed away 
from the center of the drop; this is clearly 
erroneous. Thus they obtained the same result 
as attained by Ilkovic and Stackelberg who 
ignored the curvature of drop. 


Summary 


The differential equation representing the 
distribution of the depolarizer in the vicinity 
of dropping mercury electrode was integrated 
and the formula for the polarographic diffusion 
current was derived, which is identical with 
the equation obtained, as reported in our previ- 
ous paper, in another way. Several experimental 
results were found to be in accordance with 
this equation; it may be said that our improved 
‘theory is not only the denial of the Ilkovié 
theory but also at the same time inclusive 0! 
the old theory. 


Agricultural Chemical Laboratory, 
Faculty of Agriculture, Kyoto 
University, Kyoto 


and sea-water. 

We recently devised a simpler method also 
by using dropping mercury electrde as indicator 
electrode. The amperometric titration is carried 
out by connecting the indicator electrode with 
the saturated mercuric iodide reference elec- 
trode ® through microammeter, and no e. m. f. 


(3) I. M. Kolthoff and W. E. Harris, Zad. Eng. Chem., 
Anal. Ed., 18, 161(1946). 














Masayoshi Isuieasui and Taitiro Fuyrnaaa 


T.C. R.E. 


Fig. 1.—Apparatus of titration: A, 
microammeter; B, burette; T. C., titration 
cell; D. C., dropping electrode; R. E., 
reference electrode. 


needs to be applied to the cell. So-called “wave 
compensator‘ is used, if necessary, to elim- 
inate the residual current or other disturbing 
diffusion current, e.g., oxygen current. The 
reference electrode has an electrode potential of 
—0.A49 volt vs. the saturated calomel electrode, 
so not only single cupric ion but cupriammine 
ion are reduced at this potential and give the 


-1.0 -14 


volts vs. S.C. E. 


Fig. 2.—Polarograms of cupriammine, 
a@-benzoinoxime and oxine in 1. V-NH,OH, 
NH,Cl: Curve 1, cupriammine; curve 2, 
benzoinoxime; curve 3, oxine. E,, poten- 
tial of mercuric iodide electrode; Ez, 
potential of mercuric sulfide electrode; 
E;, potential of zinc amalgam electrode. 


-18 


(4) J. J. Lingane and H. Kerlinger, Ind. Eng. Chem., 
Anal. Ed., 12, 750(1940). 
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diffusion current proportional to their concen- 
tration. Observing this internal electrolytic 
current due to cupric ion, the end point can 
be detected amperometrically. So this method 
of titration should be called the “ Amperometric 
Cuprimetry.” 

In this paper, the detrmination of copper, 
zinc and magnesium with oxine and also copper 
with @-banzoinoxime by the cuprimetric method 
were described. 


Apparatus and Materials 


The apparatus and the circuit are shown in 
Fig. 1. Electrical connection between reference 
electrode and the titration cell is made by means 
of a salt bridge filled with a gel of 3% agar 
end 30% potassium chloride. The electrolyte 
solution of the reference half cell is prepared 
by saturating potassium iodide in saturated 
potassium chloride solution. A layer of mercury 
serves as anode. 


Standard Solutions Used: Cupriec Sul- 
fate.—0.1 mol of pure recrystallized cupric 
sulfate (CuSO,-5H,O) was weighed out and 1 
ml. of 0.1 mol sulfuric acid was added to it to 
prevent the hydrolysis of cupric ion and was 
diluted to one liter as the standard solution. 


8-Hydroxyquinoline. —the same as previ- 
ously reported.” 


a-Benzoinoxime.—synthesised from benz- 
aldehyde, sodium cyanide and hydroxylamine 
in the usual way and recrystallized from ethanol. 
1% of this solution (50% ethanol) was prepared 
for the intermediate standard solution. 


Experiments 


(1) Determination of Copper and Zine with 
Oxine.—Copper is determined by the residual 
titration method. Known volume of excess oxine 
solution is added to the sample solution buffered 
by ammonium chloride-ammonia or sodium 
acetate-acetic acid, and the excess reagent is back 
titrated with standard cupric sulfate solution. The 
end point is indicated by the diffusion current 
of cupric ion added in excess to oxine present 
in the solution. Copper in the sample is deter- 
mined by deducing the used volume of cupric 
sulfate standard solution from its blank value. 
The titration curves are shown in Fig. 3 and the 
data are shown in Table 1. 

Zinc is titrated by the same method, but zinc 
oxinate’ precipitate is filtered off and then the 
filtrate is titrated in order to avoid the transfor- 
mation of zinc oxinate to copper oxinate. 


(2) Determination of Magnesium with Oxine. 
—Magnesium can be determined by the same 
method as zinc, but in this case, better results are 
obtained by dissolving the magnesium oxinate 
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Microamperes 


1.0 2.0 3.0 
0.1M CuSO,, ml. 
Fig. 3.—Titration of oxine with cupric 
sulfate: Curve 1, without oxine; curve 2, 
with Cu and oxine; curve 3, with oxine. 


Table 1 


Determination of Copper and Zinc 
(Using Oxine) 


Sample 0.1 M- Metal 
taken, mg. CuSO,,ml. found, mg. 


0 0 0 0 
6.357 1.01 6.420 +1.0 
8.357 1.00 6-357 0 
f 20.395 3.12 20.399 0 
ZU \ 90 205 ‘ an ons a 4 
20.395 3.11 20.333 =, 3 
These data are mean yalues of several 
titrations, 


Error,% 


| 


and titrating the freed oxine with cupric sulfate. 
To sample magnesium solution buffered by am- 
monia, excess oxine reagent is added and the pre- 
cipitate is filtered and washed. Then the precipi- 
tate is dissolved with hot dilute hydrochloric acid 
and the dissolyed solution is neutralized with 
sodium hydroxide (turbidity by the formation of 
magnesium hydroxide or magnesium oxinate 
shows this neutralisation) and again acidified with 
acetic acid and titrated with cupric sulfate stan- 
dard solution. In this case magnesium in sample 
is equivalent to cupric sulfate used. This method 
is simple, accurate, sensible and magnesium can 
be precipitated even at boiling temperature, This 
method was applied to the determination of 
magnesium in sea-water and good result was 
obtained (Table 2). 
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Table 2 


Determination of Magnesium in 
Sea-water (Using Oxine) 
0.1 M- Mg. found, 
CuSO, mL mg. 
2.61 6.347 
2.58 6.275 
2.60 
1.57 


Sea-water 

taken, ml. 
5.00 
5.00 
5.00 
3.00 
2.00 


Error, % 


+0.7 
+0.4 
+0.3 
+0.9 
+0.9 


+0.3 


6.323 
3.818 
é 3.818 
3.770 


Lt. 
3.00 1.3: 


(8) Determination of Copper with Benzoin- 
oxime.—Benzoinoxime us a reagent for copper is 
more specific than oxine and eyen when a small 
amount of zinc or nickel is present together with 
copper, it is not interfered by them, but the 
copper-benzoinoxime salt is fairly soluble in 
concentrated ammonium hydroxide (see. Table 3). 


Table 3 


Determination of Copper in Brass 
(Using Benzoinoxime) 
0.1 M- Cu in 
CuSO, brass, 
used, ml. % 


Std. benzoin- 
oxime 
added, ml. 


10.0 
10.0 
10.0 
10.0 
10.0 St 
10.0 .o4 
10.0 1.53 
10.0 0.89 
0.01 10.0 0.93 
0.0L 10.0 0.90 


In this titration, 501 mg. of brass was dis- 
solved in 500 ml. of dilute nitric acid and the 
aliquot sample was titrated. By the gravi- 
metric analysis, copper in this sample was 
determined to be 78.57%. 


Brass Conc. of 
taken, NH,OH, 
ml. M/)1. 
0 1.0 
0 0.1 
0.05 
0.03 
0.01 
0.01 
0.01 
0.0L 81.21 
77.35 


79.94 


So, from the result of experiments, it is seen that 
this titration must be performed below the con- 
centration of 0.03 mol ammonium hydroxide. 
Benzoinoxime is reduced at Ej,/2 = — 1,53 volts vs. 
S.C.E, in 1 W-ammonium chloride and ammonia 
(see Fig. 2), so in using the mercuric iodide 
electrode as anode, it is not reduced at the drop- 
ping electrode without an outside e.m.f. The 
titration curves of benzoinoxime is therefore 
analogous to that of oxine. 

For the application of this titration, copper in 
brass was decided. The procedure is as follows: 
A definite weight of brass is dissolved in concen- | 
trated nitric acid and evaporated to dryness, A 
little dilute nitric acid is added to dissolve it and 
then it is filtered and washed, The filtrate is 
neutralized with ammonia water to a condition 
just before the greenish white precipitate of basic 
copper salt is formed and ammonium chloride- 
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Microamperes 


1.0 2.0 
0.1 M CuS0,, ml. 


Fig. 4.—Titration of benzoinoxime with 
cupric sulfate: Curve 1, in 1 N-NH,OH; 
curve 2, in 0.1 N-NH,OH ; curve 3, in 
0,01 N-NH,OH; curve 4, same as curve 
3, but in Hz, atomosphere, 


ammonium hydroxide buffered solution is then 
added to the solution to about 0.01 mol in ammo- 
nium hydroxide. Definite volume of standard 
benzoinoxime is added in excess and the excess 
is back titrated with cupric sulfate standard 
solution as in the case of titration with oxine. 


(4) Determination of Other Substances.— As 
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will be seen from the above experiments, many 
organic substances which react fast and stoichi- 
ometric enough with cupric ion such as salicylald- 
oxime, quinaldic acid, etc. may be determined by 
the cuprimetric method and the possiblities are 
now under research. 


Discussion 


These short-circuited cuprimetric titrations 
mentioned above are performed by using the 
mercuric iodide electrode (EL =— 0.49 volt vs. - 
S. C. E.). However, we found that mercuric 
sulfide electrode (FE =— 0.81 volt v:. S. C. E.) 
and zinc amalgam electrode (E = — 1.02 volts 
vs. S. C. E.) is more conveniently applicable 
in these titrations and by using them, less noble 
elements like lead ion can be reduced, so sulfate 
or chromate etc. can be titrated by this simple 
amperometric method. These analyses will be 
discussed in other cases. 


Summary 


(1) Cuprimetric amperometry using cupric 
sulfate as a standard solution was introduced 
in the determination of copper, zinc and mag- 
nesium. 

(2) Oxine, benzoinoxime or other organic 
reagents were used as intermediate reagent in 
this titration, so on the other hand, some 
organic substances would ke determined by this 
method. 

(3) The procedure is simple and sensible to 
10-4 mol Cu per liter, if suitable measures are 
taken. 


Laboratory of Analytical Chemistry, 
Faculty of Science, 
Kyoto University, Kyoto 


On the Linear Boundary Energy in Two-Dimensional System 


By Hideo AKAMATU and Masayuki NAKAGAKI 


(Received September 26, 1950) 


Introduction.—The energy or the tension 
along the boundary line at which three phases 
-are brought into contact with each other has 
been frequently conceived and called as the 
linear tension. When an oil lens is floating 
on the free surface of water, for example, the 
thickness of the lens is determined by the equi- 
librium between the spreading tendencies of oil 


and water, Ff and F%. Thus, I. Langmuir” 
has assumed that the following equilibrium 
holds, F* — F3 = A*/R, where R is the radius 
of the lens and 4* is introduced as the linear 
tension along the periphery of the lens. When a 
lens has a definite thickness, F¥ and F,5 depend 


(1) I. Langmuir, J. Chem. Phys., 1, 756 (1933). 





December 1950] 


on the phase boundary tensions superimposed 
with the gravity force. 

When, however, the thickness of the lens 
diminishes infinitely, the gravity force can be 
neglected and the spreading tendencies depend 
only upon the surface pressures themselves. 
This is a case of a two-dimensional system, 
In this case, we can define the “linear boundary 
tension” in two-dimensional system corre- 
sponding to the surface tension in the three- 
dimensional system. 

As to the surface films of insoluble substances 
on water, it is known that there are some cases 
where the heterogeneous phase equilibrium 
takes place between the gaseous and the liquid 
films. In su¢h cases, the presence of the islands 
of coherent liquid film surrounded by the 
vapor film has been found.’ Accordingly, 
let the surface pressure of the liquid phase be 
F, and that of the vapour phase F., then for 
the equilibrium the following relation must be 
present, 


F,—F.= A/R (1) 


where BR is the radius of the island of the liquid 
film, and A is defined as the linear boundary 
tension of this surface liquid film.“ 

It will not be impossible, radically speaking, 
to measure the linear boundary tension by some 
experimental device. However, as it will be 
seen in the following section, its value is sup- 
posed to be very small, so that the experimental 
technique will hardly be found at present. 


The Conception of the Linear Boundary 
Energy in Two-Dimensional System by 
the Classical Theory.—The surface tension 
is deduced from the coherent force of the 
matter. The general idea has been expressed 
in the classical theory“? of Laplace or Gauss. 
The same theory can be applied to the two- 
dimensional system, if the “ surface mass ” 
could be assumed. Such an assumption may 
be admitted in the mathematical sense, but 
physically it seems absurd. However, when 
we treat a surface film, we can consider it as 
a two-dimensional system, and the surface mass 
can be defined as the product of surface density 
(p) and area (S). 

Following Gauss’s method, we can estimate 
the potential energy of a condensed film of 
which area is Sy and the length of periphery 
is Ly Assuming the potential energy between 


(2)" N. K. Adam, «The Physics and Chemistry of 
Surface’’, Oxford, 1938. 

(3) A heterogeneous phase equilibrium between two 
kinds of condensed films is also possible to consider, 
however, it has not been investigated hitherto. 

(4) G. Bakker, « Handbuch der Experimental Physik.” 
B. G, 1928, p. 51. 
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two unit “surface mass” being apart at the 
distance r as — P(r), the energy between any 
two small parts of a condensed film, ds and ds’, 
is expressed as dW =— p*p(r)ds ds’, where p 
is the surface density of the film. The total 
potential energy of the system is then, 


= PQ (2) 


W =— 2 Pf [pterasaet =— - 


Integration is carried out seperately regarding 
to ds and ds’. Thus ds is fixed at first and 
ds’ is expressed by polar coordinate as ds’ = 
rd@,dr in Fig. 1. Therefore, 


Fig. 1. 


A= feof aa. foro r)dr (3) 


Let us put | rp(r)dr = ¢, — P(r), where ¢, is 


a constant, then we will get 


a foufaoieo 


22P (0)So — fos P(r:)d), (4) 


— P(r;)] 


Here, let n, be a perpendicular to the periphery 
at Q in Fig. 1, accordingly 7,40, = dl, cos (m:“*r;), 
and 


Q = 27(0)8y 


- P(r;) cos (1 
i TY 


As ds is also expressed as r,dOdr, in Fig. 2, 


“an 
“r) ands (4) 
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ir, )ds 


P(r1) cos (n 
ry 
= feosimroae f *P(r,)dr; (5) 


Iet us again put [o(rytar = ¢, —p(r), where 
v 


Cc. 


| o(r)r?dr = [ear — r@P(r) = ¢, — P(r) 


is a constant, then 


and Eq. (5) is equal to W(0) “r,)d0 — 


fives — r,@(r.)} cos (n1~7) dé. 


Furthermore, let us put cos (n,~ 
and since d@ = dy, so 


n 
feos (n,“*7r,)d0 = -[ cos vdy = 2, 
2 
@(r,) cos (ny r,)d 
Tr 


cos (ny 


r;) = cosy, 


= 2Yi0) 
— figs — 7,0(rz)] cos (n,r,)d0. (5! 


Now when we put 7,d@ = dl cos(n“r,) in Fig. 
2, the second term in Ey. (5') will be 


1 
frye — r,@(r,)] ~ cos (n,“*r;) cos (n“rz)dl. 
rs 


OQ = 27P(0) So — () far 


dist [Y(rz) — rzP(r2)] 


X< cos (n; r1) cos (n® rs) Aly dl. (6) 


The value of (7) as well as P(r) decreases rapid- 
f(r) —r(r)] 

- 

when ¢ is large. When r is small, on the other 
hand, cos (ni“7,;) and also cos (n“r,) approach 
to zero (cf. Fig. 2). Thus the third term of 
Eq- (6) vanishes. 


ly with increasing 7, hence 


W =— 2pP?D(0)So + P7W(0)Lo 


or W =— HS, + Alo 


where, H = mp? [ter dr 
0 


A= ptf piritar 


(10) 


Here, 
boundary energy, 


we can define 4 as the total linear 
corresponding to the total 
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surface energy in the three- dimensional system, 
and H is the inner surface pressure. 


An Estimation of the Value of the 
Linear Boundary Energy of the Surface 
Film. —-It will be possible to make a rough 
estimation about the value of the linear bound- 
ary energy, when we assume the proper func- 
tion for P(r) in Eqs. (9) and (10). 

Let us consider a monomolecular film, of 
which equation of state is written as 


(F+ a ‘A —b)=kT (11) 


where F is the surface pressure and A is 
the area occupied by a molecule. From the 
statistical consideration of two-dimensional 
sysiem,®? @ and b are written as 


é=— ff eerear 
D 


b = 2n(D/2)* 


(12) 


where &(r) is the potential energy between two 
molecules in the film, D is the diameter of a 
molecule, and the potential diagram is assumed 
as illustrated in Fig. 8. Remembering that 


Fig. 3.—The hypothetical potential diagram. 
e=oco whenr<D, e = e(r) when r>D, 
e = e* when r= D. 


P(r) is the potential energy between two unit 
surface masses, and &(7r) is that between two 
molecules, the relation between them is 


(5) The partition function in two-dimensional system is, 


2amkT 1 1 t r ’ 
z-[ he | yi ose exp[—2& (7; 4) /AT] 


xdz---dy,=[ ] (7) 


1 
mocr)=in(y 1 Nn $5- ° N?: 5 
So 


where B= [% 2ar(1—e~®/kT) ay is the second virial 


/0 
coefficient for two-dimensional system. 
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— &(r) (Ap)? 


where m is the mass of 2 molecule. Thus, 


co —j] oo 
(r)rdr = : &(r)rdr 
[otra aos fe 


co —j] 2 
(r)rPdr= | Bt E(r)r? dr 
[ wer" (Ap? Jo 


sit... - ao oe 
i= ve I E(r)rdr = A (9') 


aa eo - 
2 i E(r)r2 dr 


We must further assume a proper function 
for €(r), and it is assumed as, 


A= (10’) 


&(r) = &*(D/r)8. (13) 


Now we can integrate Eqs. (9') and (10'). 


*-)2 
oe A é*D (9!) 
A? 4 
1 Ep 
=— 10” 
. a 6s ale 


Considering that, H = a/A? and b = 27(D/2)?, 


4 « a/ b 
= DH = 0.34 (14 
A= on 


3 
We take, for an example, the data for myristic 
acid measured by Adam and Jessop.“ From 


the F-A diagram of myristic acid, the equation 
of state can be written as, 


18950 = 
(F + )ia — 15.5) = 897 


for liquid condensed film, and 


35500 
(¥ +“ 


) (A — 24.3) = 397 


for liquid expanded film. Since the true mean- 
ing of the expanded film seems unknown, we 
take the average value for a and b for those 
two states. 


a = 27x 10-29 dyne-cm’, b = 20x 10-8 em?, 


(6) N. K. Adam and G. Jessop, Proc. Roy. Soc. London, 
A 112, 362(1926). 
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Inserting those values in Eq. (14), 


37 
A= 200) — dyne. (15) 

It has been found from the surface potential 
measurements that the region where coherent 
and gaseous film coexist together is at all areas 
between 48 and 800 sq. A. per molecule for 
myristic acid. In this region, the islands of 
coherent film are observed as surrounded by 
gaseous film. Below 48 and above 800sq. A., 
the surface consists entirely of either coherent 
or gaseous film. Hence, it is reasonable to 
consider that in the islands of coherent film, 
the area occupied by a molecule is the order 
of 48 sq. A. or less. If we assume 48sq. A, 
for the value of A in Eq. (15), then A will be 
1.8x10-7 dyne (or more) for the islands of 
myristic acid film. 

We have nothing to check the value directly 
at present. However, the latent heat of surface 
vaporisation of myristic acid film has been 
measured as 2457 cal. by J. Sameshima.“? From 
this value, the internal latent heat of surface 
vaporisation per melecule (q7) is known as 13 
x10-“ erg. On the other hand, the value of 
the total linear boundary energy per molecule 
(A) is calculated as, 


r = (1.81077) + £(1x 10°) 
+ 2/48/27) = 1.4 10-" erg. 


It is supposed as reasonable that the value of 
X is a certain fraction, not far from 0.5, of q. 
Thus the estimated value of A of myristic acid 
film seems too small to compare it with the 
observed value of the heat of surface vaporisa- 
tion, though the order of the value is reasonable. 


Summary 


A definition of the linear boundary tension 
of the two-dimensional film was conceived, 
which corresponds to the surface tension in the 
three-dimensional system. The physical mean- 
ing of this conception was investigated accord- 
ing to the classical Gauss theory. A rough 
estimation of this value was made for the 
surface film of myristic acid. 


Department of Chemistry, Faculty of Science, 
the University of Tokyo, Tokyo 


7) J. Sameshima, Proc. Imp. Acad. Japan, 10, 155 
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Fusion and State Equation of Simple Liquids. I. Derivation 
of the Expressions for State Equation and Free Energy 


By Kunihiko KIGOSHI 


(Received June 22, 1950) 


1. Introduction 


The order-disorder theory of melting proposed 
by Lennard-Jones and Devonshire‘ promoted 
not only the theories of the fusion process but 
also the general theory of liquids based on the 
hole theory. From this stand point recently 
Toda and Ono? clarified the critical pheno- 
mena. But in these theories the essential 
difficulty of the estimation of the intermolecular 
interaction energy is inevitable. A fair develop- 
ment of the theory by Kirkwood and Monroe“ 
lighted a new way to the fusion process in 
which the liquid-solid transition was attributed 
to the vanishing of periodic distribution of 
molecules. Also in the case of Born’s theory, 
treating the fusion process as an abrupt change 
of rigidity, the change Of a special character 
of solid and liquid phases was used for the 
base of fusion theories. 

I will present the statistical theory of liquid 
to treat melting as a phase equilibrium of 
solid and liquid states and to find the fusion 
parameters in terms of intermolecular forces. 
For an estimation of the molecular interaction 
energies in liquid states an earlier theory of 
Lennard-Jones and Devonshire gave a rea- 
sonable approximation using the spherical cells 
around each molecule, but the results obtained 
did not agree so well with experiments. The 
source of the disagreements may be considered 
that the number of the nearest neighbor mole- 
cules Z was taken as 12 in each molecule and 
the formation of cells around the molecules 
restricts the molecular motion too firm in the 
expanded state. Therefore the free volume 
calculated by this method is not satisfactory 
but when we use the number Z as a parameter 
it may give a good approximation near the 
melting point. 


(1) J. E. Lennard-Jones, and A. F. Devonshire, Proc. 
Roy. Soc. A, 169, 317(1939); 170, 464(1939). 

(2) M. Toda, BUSSEIRON KENKYU (in Japanese), 
No. 10, 1(1948). 

(3) S. Ono, Memoirs of the Faculty of Engineering, 
Kyushu Univ., 10, 195(1947); 8. Ono, and T. Sato, J. 
Phys. Soc. Japan., 4, 108(1949). 

(4) J. G. Kirkwood, E. Monroe, J. Chem. Fhys.,Q, 514 
(1941). 

(5) M. Born, J. Chem. Phys., 7, 519(1939). 

(6) J. E. Lennard-Jones, and‘A. F. P'cvoashire, Proc. 
Roy, Soc. A, 163, 53(1987); 165, 1(2558). 


In the liquid state the distances between the 
nearest neighbors are nearly equal to the equi- 
librium distance detween two molecules. Dif- 
ferent characters of the intermolecular potential 
for various substances would give a big influence 
to the physical properties of the liquids. The 
use of the inversepower potential might not be 
satisfactory to express the details of the poten- 
tial functions, but for simplicity we use the 
following Lennard-Jones type intermolecular 
potential, 


g > n P 
6 To n To 
E(7) = Eo | . { _ = 
n—b6 r n—b r 


u 


The numerical calculation for the state equation 
is performed in the case of n = 12. As to the 
fusion process it is possible to discuss what 
influences will be given on the calculated 
melting temperature by the variation of the 
intermolecular potential. 


2. Assumptions Regarding the 
Molecular Arrangements 
in the Liquids 


In the solid state the molecular arrangement 
is determined by its lattice constants. In the 
liquid state we can know only about the radial 
distribution function around one molecule by 
X-ray experiments. We cannot expect the 
difinite solid like molecular arrangement around 
each molecule in the liquid, but it may be 
considered as a little displaced from the regular 
arrangement. We may consider the nearest 
neighbors around one molecule as in the case 
of solids, however the number of the nearest 
neighbors may differ in each molecule. Among 
N molecules NP(Z) molecules have Z nearest 
neighbors and we assume that the number of 
the nearest neighbors around one molecule is 
independent of the arrangements of the mole- 
cules farther than the nearest neighbors. We 
can obtain only one function P(Z) for any given 
molecular arrangement, although there exists 
a definite number of possible molecular arrange- 
ments which give a same function P(Z). Since 
the density fluctuations in a dense system are 
small, the actual molecular arrangements may 
be derived by a small displacement of each 





~ 
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molecule situated on simple lattice points. 
When we neglect the differences of molecular 
arrangements caused by thermal motion of 
each molecule, we may suppose that almost all 
of the molecular arrangements are expressed 
by the assignments of the number Z to these 
simple lattice points. If we assume the unique 
determination of the arrangement by an as- 
signment of Z on the WN lattice points, we get 
the number of different molecular arrangements 
for a given distribution function P(Z) as 
follows, 


N!/IIA(NP(Z)!), (2) 


which is 2 number of possible ways of arrang- 
ing the different values of Z on the localized 
N points. 

When we consider the molecular arrangement 
neglecting the thermal motion, in the solid 
state distances between the two nearest neigh- 
bors take a definite value + but in the liquid 
state the molecular arrangement determined by 
the function P(Z) makes it impossible to take 
the same definite value for these distances. The 
distribution of the value r depends on the 
function P(Z) in a complicated manner, but 
near the melting point owing to the small 
variation of P(Z) we may neglect it. Near the 
critical point the result of numerical calculation 
shows the smallness of the effects of this 
distribution on the physical property. There- 
fore the dependence of P(Z) on the distribution 
of r may be neglected without a great error 
and the next simple function for an expression 
of this distribution is adopted. 


{(R*) = ; R-§-3(§?—(1—R*/R)?), 


(3) 
R* =r/r0, R=[R* lar, 
where /(R*)dR* gives the probability of finding 
?* between R* and R*+dR*, and R* is limited 
in the range of R(1—$§)=R*¥=—R(1+8). The 
average of R* in this domain is R and the 
expression (3) takes a maximum in the case 
when R*¥ = R. 

Eisenstein and Ginglich‘” have shown the 
radial distribution of the nearest neighbors of 
liquid argon by the measurements of the X-ray 
scattering. In order to correspond only formally 
the expression (8) to the radial distribution 
thus obtained, we make § equal to about 1/5. 
To compare the experimental results with our 
expression of the radial distribution we have 
to consider that the actual radial distribution 


(7) A. Eisenstein and N. S. Gingrich, Phys. Rev., 58, 
307 (1940). 


J(R*). 


Fusion and State Equation of Simple Liquids. I. 237 


of the nearest neighbors is obtained by the 
superposition of thermal motion on the function 
According to Lindemann“ the thermal 
motion of a molecule in a solid may be con- 
sidered as a vibration with the amplitude of 
about 7/10 at the melting point. In the liquid 
state this amplitude will become more or less 
larger. The estimation of this value near the 
melting point using the Lennard-Jones’ cage 
model shows that the amplitude is smaller than 
r/5. Therefore the agreement between the 
experimental results of Eisenstein and Ginglich 
and the radial distribution expected by the 
superposition of this sort of thermal motion on 
Eq. (3) may be attained by assuming § = 0.10 
This result with respect to the order 
of magnitude of 6 will be confirmed in Part II 
relating the discussions on the melting points. 


~ 0.15. 


3. The Partition Function of Liquid 


The method of construction of partition func- 
tion adopted here is based on the molecular 
arrangement as mentioned in the preceding 
section. It may be said that the most probable 
molecular distribution given by a function P(Z) 
has a predominant contribution to the partition 
function. Therefore we may take the partition 
function for an assembly of the molecular 
arrangements determined by this function F(Z). 
We shall use the approximation that the parti- 
tion function of a whole assembly can be 
expressed as a product of the partition function 
of each molecule having Z nearest neighbors 
and the number of possible molecular arrange- 
ments given by expression (2). The thermal 
motion of each molecule is considered in a cell 
with the potential field of its immediate neigh- 
bors. We then adopt the following form for 
the partition function of the liquid state: 


N! 
IT,(NP(Z)!) 
x [IT ,07(Z)*"] exp (— U/kT)J(T)*, (A) 


Q = (2amkT | h?)*/2 


where (22mkT/h?)9/2v;(Z)/(T) is a partition 
function of a molecule in a cell which consists 
of Z nearest neighbors situated uniformly on 
the spherical shell with radius Rro. J(T') denotes 
the partition function for all the internal degrees 
of freedom and U is a total potential energy 
of N molecules when each molecule is at the 
center of its cell. When we neglect the small 
variation of R* from the mean value R, free 
volume vy; may be written as following as 
has been obtained by Lennard-Jones and 
Devonshire.‘® 


(8) F. A. Lindemann, Physik. Zeit. 11, 609(1910). 
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v(Z) = 22(roR)* fy 
J 


xexp(—ER-"Bl{y) +2F R-*m(y))dy, 
Uy) = (1 + 12y — 25.2y? 
+ 12y* + y‘) (1 — y)-* — 1, 
m(y)= (1 +- y) (1 —y)-* — 1, 


where the energy of interaction between a pair 
of molecules is assumed as follows, 


sn). 


E(r) = Eo R-? — 


The results of numerical integration of the 
above expression for various combinations of 
different values of Z and & agrees with the 
following expression. 
vy = 2rr(r)R)* exp {ly +4, R>MZE 

+Inf[1+exp (8) + BR + 8ZE)}}; (6) 
where 

Bf = (haR-? + h; 2-6 + hy)'/? 

+-m,R-* + mo, t = €,/kT, 
lo = 2417, 


Bo = — 0.6908, 


My = — 0.03868, 
B=—0.2947, (6°) 
ny=— 0.1 851, 


1, =— 5.225, 


B, =2.998, ho = 0.02188, 


h, = — 0.06566, hy = 0.07635. 
The differences between two expressions (5) and 
(6) are smaller than 2% within the range of 
12>Z>4 and 10=>R-§>0.1. Even for the 
more general molecular interaction given by 
expression (1), vy may be also expressed well 
by (5) using different numerical coefficients. 
An exact evaluation of the term U is very 
difficult, but we can estimate it under the 
assumption of the solid like molecular arrange- 
ments in the liquid state. We denote by WZ) 
the potential energy of one molecule in the 
ideal arrangement of molecules with the same 
number of Z nearest neighbors and with the 
same distance r,k between the two nearest 
neighbors. If we neglect the distribution of 
R*, U may be written for the given function 
P(Z) as following, 


N 
d*, v(Z, R)P(2), (7) 
PA —_ 
where 


¥(Z, R)= 


n—6 


(69,R-" —nPak-), (7') 


P, and Pa are the functions of Z and they 
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may be approximately obtained by considering 
the ideal crystal lattices i.e. in the cases of 
Z=12, 8, 6 and 4, or may be obtained also 
from the Bernal’s calculations”? on the values 
of Z and R for the molecules farther than the 
nearest neighbors. In the case of n = 12, the 
rough approximation for @q and pg, may be 
given by 
Pa = Z, Pr=Z+2. (7") 

The approximation of these linear expressions 
becomes bad at the small value of 7. Fortunate- 
ly the terms with small values of Z give only 
small effects on free energy and the state 
equation of liquid state, and we can use expres- 
sion (7'') for numerical calculations in Part II. 
The consideration on the distribution of R* 
given by expression (3) may be introduced by 
a simple integral as follows, and we can obtain 
the approximate formula, 


N R148) , : : 
U= 53> PZ) 4 | I(R*)WiZ, R*)AR* 
Z Ri1-8) 
= 5 PZ)" (WZ, R) + (BEB 10) 

Z 2 

x d*yr/dk? + 0(6*)). (8) 
This method of approach to the actual distri- 
bution of molecules includes the effects of the 
molecular distributions farther than the nearest 
neighbors. Therefore in equation (8) we have 
taken into considerations on the second and 
the third ------ nearest neighbors which have 
respectively the mean distances from the center 
Rirp and Ryrg:+++ ++. And they have the radial 
distributions expressed by Eq. (3) with the 
alterations of R to R, and R,-+--++. 


4. Free Energy and State Equation 


When we substitute Eq. (8) in Eq. (4) and 
neglecting the last small term of the order 8, 
we obtain by usual process the free energy 


F/N =—kTinQ/N =—k7® 


xX In [(22mkT)/h?] —FT In 
+ kT S[(Eo/2kT) V(Z, R) 
— Inv, + In P(Z)}] P(zZ), (9) 


where W(Z, R) = ¥(Z, R)/Eo 
+ (R?87/10&o) d?y/dR? 


= —)_[6p,(1+8%n(n+1)/10)R-" 
n—6 
— nPa(1 + 4.287)R-*]. (9 


(9) J. D. Bernal, Trans. Faraday Soc., 32, 27 (1936). 
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To obtain the pressure from this free energy, 
we have to know the volume as a function of 
Rand P(Z). Although the dependence of R 
on volume is easily supposed as proportional 
to (7o>R)° but that of F(Z) is more complicated. 
A simplified treatment about the face centered 
cubic lattice with holes derives the dependence 
of P(Z) as follows. Suppose a molecule and a 
hole occupy the same volume v,, in liquid and 
their positions in space form a slightly deformed 
face centered cubic lattice. Then a molecule 
with Z nearest neighbors should have 12-Z 
holes around it. When summing up holes 
around each molecule we count the same hole 
Z, times, where Z, is a mean number of 
molecules around a hole. Thus the total num- 
ber of hores Np is 


MN, = (12 NN — & ZNP(Z)) Zn 
= N12 —[Z Jay) /Zn« 
Therefore in the case of N, < NV 
Nv=V =(N+ Najou 
= 12v.N/[Z av = gltoR}N/[Z] av. (10) 


In this equation we put Z, as equal to [Z] ar. 
The constants g is determined as g=8.49 using 
the special cuse of the face centered lattice, 
but this value will increase more or less at 
the expanded state in virtue of the nature of 
this approximation. ° 

The distribution function F(Z) is determined 
by the condition that Q becomes maximum, 
i.e. by the equation 6F =0 with the variation 
of P(Z) keeping T, P and V constant. From 
this condition we get 


0=6F= 26 PZ) [In P(Z) 


+ (Ey /2kT)V — In v;] 


+E P(2)| (Eo /kD) oF _ ae 
Zz oR 


| 
oR | 5R, 


(11) 


where 6R is a variation resulted from §P(Z) 
and it is obtained by Eq. (10) taking the 
variation at constant volume, i. e. 

SR = (v/8ro°R2g) 5 ZSP(Z). (12) 

~ 
Lagrange’s method of elimination applied to 
Faqs. (11), (12) and SY §P(Z) = 0 results 
4 


A= In P(Z) + EoV, OT — In Vy 


+ (Zv/8rh?g) S| (& / 2kT) 
ek OR 


Oln V1 ] 


PZ), 
or | 74) 
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where X is a constant. By the differentiation 
of free energy with respect to volume we can 
obtain the state equation 


r- , 
— per = 5] PA ay pia) + Weyer 


Zt ov 


ov 


(Z) oR [ 
oR 


Pas | (Eo 


J OVvL 


2kT) 


— In v;) 

eo} In Ur 7 . 

-_ =. , - (14) 

oR | 

The differentiation of Eq. (10) with respect to 

volume leads the term in the above 
expression 


oR /ov 


3 : = (v; 3r°R*g) a zok(2) 


ov Z ov 


+ R/8v. (15) 


Using Eqs. (18) and (15) we can rewrite Eq. 
(14) in the form, 


— P/kT = {R/3v) 5 PZ) 
2 
x |) /2k7) oY ~ aa. 


(16) 
L oR oR 


From Eqs. (13) and (16) we can obtain the 
explicit expression for P(Z) as follows, 


P(Z) =A exp(In Vy — g Vv + ZR), (17) 


where 
E = Po? /r,°g&o. 
The normalization condition, ) P(Z)=1 defines 
2 


the constant A and we obtain 


A= Sexp(In vs — 6 V+ Ear), (18) 
. 2 


Using the Eqs. (18) and (17) we can rewrite 
Eq. (9) 


P/N =— kT[In[(2amktT )*/2/h] 
+InJ—InA—[Z]ayR“EC]. (19) 
When we assume the molecular interation of 
the expression (1) with n=12, we can use vy 
given by Eq. (6). The function YW becomes 


W(Z, R) = Z(1 + 15.68") R-™ 


— (24 +4) (1+4.28)R-, (20) 
using the expressions (7') and (7). Substitu- 
tions of Eqs. (20), (5) and (17) into Eq. (16) 
yield the state equation in terms of &, [ and 
R. 
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y= 1 — 21,R—* — 28, RY /(Y +X exp (—a@)) 
2([Z] ay +2)(1+4.287)R-®— 2[Z] av(1 + 15-68?) R-?—(R/3)(dM/dR)[Z] av +R [Z] av& ’ 
(21) 
where 


. [Xz + Yzexp(— @)] : a=Boi BiR~. 
[X -++ Yexp(— a)] 
X = 3d exp (pZ), The summations in above expressions are ex- 
er . tended to the probable integral values of Z. 
2 exp ((p + 8)2Z0), Numerical calculations of state equation (21) 
Xz = DS Zexp(pZ), and comparison with experimental values about 


critical data are given in Part II. 
Yz = > Zexp((p + 8)Z), 
4 


p = (1 + 4.287)R~® Geochemical Laboratory, Meteorological 
vO (1 + 15.68?)R-? Research Institute, Tokyo, Japan 


+&R +M, 


Fusion and State Equation of Simple Liquids. II. Critical 
Data and Fusion Parameters 


By Kunihiko KIGOSHI 


(Received June 22, 1950) 


1. Mamestesl Caleulations of State side of Eq. (21) contains § in the terms of X, 


Equation and Critical Data X., Y and ¥;. Therefore the value of ¢ for 
the given value of R and € must be obtained 


The numerical calculations of state equation by the successive approximation. The results 
(21) were performed using the upper limit Z= obtained for the case of §=0.10 and 0.12 are 
12 and the lower limit Z=4 for the summa- shown in Table 1. The F-V diagram deduced 
tions in expressions (22). Z=12 was selected from these values shows van der Waals’ type 
in accordance with the closest packing arrange- condensation and the critical constants are 
ment. The selection of the value of lower determined by a graphical method. The critical 
limit is arbitrary to a certain extent since it constants obtained for three different values of 
gives only a small effect on Eq. (21). The left 6 are shown in Table 2 in which the com- 


Table 1 
Values of ¢ Calculated from Eq. (21) 


é6=0.10 6=0.12 
é at E at 


1.286 1.174 1.080 1.392 .263 1.156 1.064 
1.084 1,003 0.933 1.163 071 .992 0.923 
1.056 0.930 0.913 1.134 1.048 973 0.908 
1.043 0.970 0.905 121 1.038 - 964 0.900 
1.019 0.950 0.889 -107 1.027 . 957 0.895 
1.010 0.942 0.882 .109 1.030 . 960 0.898 
1.046 0.974 0.909 175 1.089 Ol 0.943 
1.168 1.081 1.004 332 1,227 1.130 1.051 
1.410 1,294 1.192 1.561 1.427 1.309 
1.965 1.774 1.612 2.665 2.338 2.075 1.865 


0.05 0.10 0.15 0 0.05 0.10 0.15 
1 
1 
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parison is done between calculated and empiri- 
cal values for noble gases and few other gases. 
Following the variation of 8, the proper values 
of g are selected to adjust the calculated and 
experimental values. The agreements are rather 
good when we take into consideration on the 
rough approximation of vy and W for the 
large value of T and small value of Z. 


Table 2 
Calculated and Observed Critical Data 


RT, 
PV, 
2.8 
3.0 
3.4 
3.44 
3.45 
3.47 
3.27 


Ce 3 

6g RZyar _ 00 8 
=z ™ 
0.99 0.19 
1.02 0.17 
1.04 0.15 
0.79 0.166 
0.76 0.185 2, 
0.80 0.157 2 
9.93 0.108 


0.08 1.1 0.3 9.7 
0.10 1.0 0.3 9.7 
0.12 0.9 0.2 9.6 
Argon 

Nitrogen 

Neon 


Hydrogen 3.04 


Souces: Critical data-Int. Crit. Tab. 
ég and rg-from the Table in R.H. Fowler 
E.A. Guggenheim, “Statistical Thermo- 
dynamics,” 285 (1939) . 


2. Equilibrium between Solid and 
Liquid States 


When we assume that the essential difference 
between solid and liquid states consists only 
in the irregularity in the molecular arrange- 
ments, then the free energy of solid states of 
a face centered crystalline state may be given 
by the equation (9) in which §6=0 and all of 
the values of P(Z) is zero except in the case 
of Z=12. The free energy expression thus 
obtained is identical to that given by Lennard- 
Jones and Devonshire for liquid state lacking 
the additional term of kT. The Gibbs’ free 
energy for solid state may then be written as 
follows, 


mi ] 
_ £0 (In[ (22 m&_/f)9/? /h3} 


yeile 


c { © } € ey 
+ln J— 26, YR 12)--In v;7(Rs, 1m) 


+Pyts, (23) 


Vs=YRir*®; (y=2-'/2 in the case of a 
face centered cubic lattice.) 


where W(R;,, 12) and v;(R;, 12) are respec- 
tively given by Eqs. {7} and (5) substituting 
?s for R and 12 for Z. R, which corresponds 
to R in the solid state is given as a function 
of € and & by the state equation for solid 
state, i.e. 
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12 R-°E,f 


- —$ (288;°—24R;  h +4R;*) 
8 dR; s 


+1—21,R>*—28,R;°/[1 +exp(—a 


which is deduced from Eq. (21) with [Z]ar= 
12 and §=0. 

To compare the free energy of liquid state 
with that of solid state we rewrite the term A 
in Eq. (19) using the Eqs. (18), (5), (20) and 


(22). 


(24) 


A-=27(roR)3(X +e*Y) exp (lo +1,R-* 
4-2(1+4.2 § SR-*) . 
Therefore 
—In A=Inv;(R, 12)4-In (X-4-e*Y) 


—In (1+e%*1"S) — g W(R, 12)+12 €oR- 
—12 pt. 


Then the Gibbs’ free energy of liquid state 
obtained by Eq. (19) is as follows, 


_ of 


f= In[(2xmé,/¢)*2/ h3 | 4+-In J 


“= W(R, 12) +1n v,(R, 12) 


° 
+In (X+e*¥Y) —In (1 +e%* 124%) “ 
+12EER-$—12pF — [Z| arR-ES | +Pv. 
(25) 
The condition for equilibrium between solid 


and liquid phases with the same temperature 
and pressure is 


O=(pr— fs) /Eo 
1 be 
C1 dR; 


4R+(6x 15.6 R-"—14x 4.2 R-®)§? 


— In| (X4-e*¥)e—2°¢ neti a 
+HE(v—v5)/Eo—(12—-[Z] ar ER“, (26) 
where 
G= 2 Re, 12)—In v,(R;, 12), 
4R=R-R;. 


In the solid state pressure is obtained from the 
expression of free energy given by Eq. (23) 


__ & Rz? dG 
4 38Yro° dR; ‘i 
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Therefore 


Eo d@ j 
c dR; 


= Frooy(RP—R) . 


R= —Prey3RZ4R 


Using the above equation, we can simplify the 
terms regarding the volume change in Eq. (26) 
as follows, 


Pr? y(Re—R'*)+P(v—?s) 
—(12—[Z]ar)&c ER= 


=Pr(2—[Z]ar” -12/{Z]av) 


= —(ER-E,/12)(12—[Z]av)?, 


where we used the relation 12 =g which may 
hold near the melting point. From this equa- 
tion we can obtain the condition for melting 
as following, 


0= (pr— pts) E / Eo 
=In[(X+e*V}e~!205/ (1-4-0 + 128)) 
+(€€R-3/12)(12—[Z]J ar)? 


+(14x4.2 R-*°—6x 15.6 R-™) §?. (27) 


3. Fusion Parameters 


From the above equation we can obtain the 
melling temperature for the given value of é, 
substituting the value of R determined as a 
function of € and & by the state equation (21). 
The pressure dependence of melting point 
obtained from this method in the case of §= 
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0.1 and 0.12 are shown in Figure 1. Too large 
theoretical value of &m (see Table 3) was reduced 
by the use of [, given by Table 2 which are 
also too large compared with experimental 
values. Therefore the calculated values in 
Figure 1 fairly agree with experimental values. 
The values of melting point derived by this 
method depend on 6, and €m increases with 
decreasing values of 6. The variation of n in 
the expression of the molecular interaction 
energy gives greater influence on the melting 
temperature. In the general case of the mole- 
cular interaction expressed by Eq. (1), the 
condition for melting temperature is given by 
Eq. (27) with the alteration of the last term to 
the following expression, 


Pg 


(29.4 nR-*—3.6 n(n+1)R-) - 6 
n—6 


(28) 


To obtain the melting point for the general 
cases, we have to calculate R for the given [ 
and & using the state equation (21) and ex- 
pression for P in (22) with different numerical 
constants. Also the free volume vy; given by 
Eq. (5) needs revision which corresponds to the 
change of n, and this revision may result the 
changes of numerical values in expression (6’). 
The change of melting point by this revision 
may not be of a negligible order, however we 
may see the inclination of change in the melt- 
ing point with different values of n by the 
calculation using the same numerical values in 
expression (6’). The result obtained is shown 
in Figure 2 in the case of 6=0.12. With 
higher value of § the curve in Figure 2 shiits 
downward. It is easily supposed that the melt- 
ing point has a strong dependence on n since 
the molecular distances of nearest neighbors at 
the melting point are so short that the repul- 
sive force plays an important role. To reduce 


Cm = eo/kT 
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the observed melting temperature Ty to, €n= 
Eo/kTm we have determined the values of &o. 
Lennard-Jones and Buckingham have deter- 
mined the values of & for argon, neon and 
nitrogen, etc. using the results of exact measure- 
ments on isotherms of these gases. These 
results show a linear dependence of & ) on n. 
Estimated values of € using these values are 
shown in Figure 2 by the dotied line for argon, 
neon and nitrogen. The cross points of full 
line and dotted lines indicate proper values of 
n with which the calculated melting point agree 
with the observed values. Therefore we may 
obtain a rough estimation of the relative values 
of n for simple molecules by this method. If 
we assume that the relation T,=4 &)/3k holds 
for n=12 and also &) changes with n in a 
similar way as illustrated for A, Ne and N, we 
can Obtain the relative values of from the 
critical and melting temperature. When mole- 
cules have an attractive force proportional to 
r~® we may conclude that the lower value of 
the ratio 7T./7', corresponds to a higher value 
of nm. The noble gases have the highest value 
of n and other molecules having more complex 
structures show lower values of n. 

The volume change 4v by fusion is obtained 
from the values of R;, R and [Z]a: at the 
melting point which are presented in Table 3. 
R; is obtained by the solid state equation (24) 
at the melting temperature and pressure. Using 
the relation (10) we get 
[22 (2Y-(2)] en 
LIZ] av \Reo Ryo} J 


4v=1y—Vs= Vp0| 


as a volume change from a liquid state to a 
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face centered crystalline state, where vs is a 
volume per molecule and R;, is R in a solid 
at P=0, T=T.w. 

The entropy of fusion per molecule may be 
written using the following thermodynamic 
relation, 


o4 OS p/é 
As =(° + =Cnk * B . . (80 
« of p $ of p 


From Eq. (27) though we may obtain the 
derivative of the right side in Eq. (30), it is 
easier to make numerical or graphical calcula- 
tion using the following relation, 


ee °°) = ter - +(7"4 ~ 
4 P ot & o€ $ 


(Rb -2 
R°[Z|72— (= [Z\ir)\° 
[ lay é oF ), 


The theoretical fusion parameters Jy/v5, and 
4. thus obtained in the case of §6=0.10 and 
0.12 are also given in Table 3. The ob:erved 
values at high pressure in Table 3 is obtained 
by the interpolation of Bridgman’s measure- 
ments, where the values used for P//?, are the 
sime as those in the case of §6=0.10. At 
ordinary pressure, calculated fusion parameters 
agree remarkably well to experimental values in 
the case of 6=0.10. On the other hand, though 
the pressure dependence of fusion parameters 
4S and Jov/vs agree moderately well with 
experiments for argon, but the agreement is 
rather poor when compared with that of the 


x 





3 


g P/P- Sm [Zlav R-6 R= Av]v.. 48, cal./mol 
0 0 2.124 11.19 0.853 1.005 0.164 3.8 
Cale. [0.15 13.3 1.715 11.22 = 0.878 = 1.009 0136 3.5 
3=y.12 |) 0-5 48.4 1.175 11.40 0.947 1.055 0.108 3.1 
1.0 109.1 0.769 11.40 1.069 1.173 0.09 2.4 
0 0 2.208 11.34 0.902 1.010 0.121 3.4 
Cale. 0.15 12.5 1.776 11.40 0.928 1.022 0.104 3.1 
3=0.10 } 9-5 45.7 1.239 11.47 1.002 1.080 0.083 2.7 
1.0 103.5 0.817 11.47 1.134 1.209 0.073 2.2 
Obs. for argon Obs. for nitrogen 
P/P. Pm a= Av] Ve 48 A _— Av|Veo 48 
0 83.7 1.433 0.125 3.34 63.1 1.53 0.069 3.45 
12.5 97.6 1.229 0.101 2.80 71.8 1.34 0.062 3.38 
45.7 181.1 0.915 0.063 2.11 91.8 1.05 0.050 3.17 
103.5 180.2 0.666 0.087 1.52 121.0 0.80 0.034 2.72 
Sources: eg and rg are same as in Tab. 2. 


Observed values are from Randolt, and Bornstein, “ Physik.-Chem. Tab. Eg. III,,” 


2687, 2689- 
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pressure dependence of melting temperature. 

The molecular arrangements at high pressure 
will become more likely similar to the solid 
state arrangements. And it may be expected 
that the higher the pressure becomes, the steeper 
the distribution of the distances between two 
nearess neighbors becomes, and also the shorter 
these distances become. From the general in- 
Clination of change of fusion parameter with 
the change of 6 we can expect that a better 
agreement may be obtained between calculated 
and observed values of JS and Jv/v when 
we assume smaller values of 6 at higher pres- 
sure. 

The quantitative agreements between theo- 
retical and experimental values of fusion para- 
meters may be expected when we take into 
consideration the pressure dependence of the 
value of 6 and a revision regarding a calcu!a- 
tion of the free volume which was performed 
with a model of too restricted molecular motion 
in this paper. We may therefore conclude that 
the experimental confirmation of assumption 
on the molecular arrangements as well as the 
procedure of the construction of partition func- 
tion is adequate. To know the behavior of 
the liquid state and liquid-solid equilibrium 
at the pressure higher than P/P,~100 we have 
to check the correctness of the approximate 
formula for free volume expressed by Eq. (6), 
since at such pressure R~® and R,~*® becomes 
arger than 1.2, 
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4. Summary 


The molecular arrangements in liquid state 
may be characterized by assignement of the 
number of nearest neighbors on each molecule, 
and distances between two nearest neighbors. 
The assumption is made on the distribution of 
distances r between the two nearest neighbors 
which does not take a definite value as in the 
crystalline state but is distributed over the 
region of [r(1+8), r(1--8)]. The partition 
function and state equation are deduced under 
these assumptions using proper values of 6 
expected by X-ray diffraction on liquid argon. 
The critical constants for a simple liquid are 
determined which agree well with experimental 
values. The condition for the equilibrium 
between liquid and solid crystalline states is 
obtained on the basic assumptions that the 
essential differences of liquid and solid states 
consist in the difference of values of 6 and the 
number of nearest neighbors around each mole- 
cule. The calculated melting temperature, 
volume and entropy inerements by fusion and 
pressure dependences of these fusion parameters 
agree well with experimental values. 


The author wishes to express his hearty thanks 
to Dr. Y. Miyake for his constant encourage- 
ment on this work. 


Geochemical Laboratory, Meteorological 
Research Institute, Tokyo, 


Studies on the Purities of Precipitate and Crystal. IV. 
The Investigation or Presumption of Solubility 
by Co-precipitation Phenomena 


By Toshiyuki Osawa 


(Received October 25, 1949) 


Preparation of pure substance and mecha- 
nism of co-precipitation phenomena have long 
been studied in the fields of analytical and 
general chemistry. 

The colloidal precipitates which are easily 
soiled by the adsorption of foreign ions become 
larger particles when formed under suitable 
conditions, and the adsorption of foreign ions 
will be decreased. Larger crystals of soluble 
salts are soiled by the occlusions on inner 
surfaces, and when they are made small by 
some method, for example, by the rapid 


cooling of hot saturated solution,” their 
occlusions will be decreased. 

Therefore, the pure substances which show 
little adsorption or occlusion will be obtained 
by a suitable procedure; namely, by making 
particles of some definite size. 

Dr. Takio Kato (Prof. of Faculty of Engi- 
neering, Tohoku University) forecasted as fol- 


lows: — “ Particles of slightly soluble salts are 


(1) T. Osawa, Chem. Anal. & Reag., Japan, 7, 255(1948). 
(part I). 
(2) T. Kat6, ibid., 7, 248° (1948). 
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fine, while soluble salts form bigger particles. 
In conclusion, there will be definite relations 
between adsorption or occlusion of foreign ions 
by precipitates and solubilities at their forma- 
tion. The size of pure precipitate or crystal, 
in other words, their solubilities will be smaller 
than potassium chloroplatinate (10-1! mol/l. at 
room temp.), but greater than barium sulfate 
(10-5). Thus, the substances, having about 
10-* mol/l. solubility, or formed under the 
condition of about 10-° mol/l. solubility will 
be almost pure.” 

As to this point, I have obtained almost the 
same conclusion with chromate of barium, 
potassium™ and lead, that is, on the relation 
between acidity or solubility and coprecipita- 
tions of Cl-, SO,-~ and K*. And all pure 
substances will be obtained by the formation 
under a definite condition, the solubility being 
about 2 x 107-* mol/l. (20°). 

If the relations above mentioned were right, 
the solubilities of substances might be presumed 
from these relations. And according to the pre- 
sent research on the oxalates, it is concluded 
by the author that the solubility of zinc oxalate 
would be greater than that generally used. 


Co-precipitation of Ferric 
Ions by Oxalates 


The opinion™ of the present author on the 
relations between co- precipitations of ferric ions 
and solubilities of oxalates has been published“? 
and several opinions have already been repor- 
ted by some authors. A part of these is shown 
in Table 1. These are mg. mol of irons in 
1.0000 g. of oxalates, precipitated under a 
definite condition concerning temperature, 
foreign ions, addition velocity, direction of 
addition, aging, stirring, washing, drying etc. 


Table 1 


Oxala- Solubilities,¢4) Temp., 
tes mol/l. °C. 


Ba 3.8x 10-* 

Sr 2.5x% 7 
1.7x 7 
1.6x 7 Schéfer 
l.lx 7 F. Kohlravsch 0,065 
4.3x 10-5 ” 0.158 
4.1% 7 0,104 
5 ~x10-6 0,263 


Authors (A) (B) 

0.193 
0.183 
9.179 
0.174 
0.107 
0.459 
0.116 
0,441 


F.Kohlrausch (135 
F.K. & Rose (130 
F. Koblrausch (121 


irons 
was made as follows: — Oxalate ions were 
decomposed by permanganate solution, excess 


The determination of co-precipitated 


(3) T. Osawa, J. Chem. Soc. Japan, 71, 191(1950). (part 
III). 
(4) Seidell, “Solubil. inorg. & metal. org. comps.” (1940). 
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of manganese dioxide by 3% hydrogen peroxide 
solution, and after being concentrated, iron 
was determined colorimetrically with potassium 
thiocyanide solution. 

As another method, after the sample had 
been treated with permanganate, excess of 
manganese dioxide and iron were reduced in 
the reductor of liquid zinc amalgam, and 
titrated with permanganate standard solution. 

(A) is mg. mol of irons in 1.0000 g. of 
oxalates. Oxalates were formed under 0.625 
ec./min. add. velocities, washed five times with 
50 ce. distilled water and dried at 90° for 5 
hours. The same conclusion was obtained with 
oxalates dried at 105° for 2 hours. Nitrates 
of each metallic ions were used, when oxalates 
were found to be purer than those when 
acetates were used. 

(B) is irons in oxalates, separated after the 
formation by filtration, transferred to another 
filter paper, pressed on both sides with five 
sheets of 9 cm. filter paper. and dried at 90° 
for 5 hours. The determination of purity was 
made by the same way as before. When 
oxalates were separated by suction only, the 
same relation as (B) was obtained. The silver 
oxalate was precipitated in the dark room. 


Ba>Sr>Cd>Cu>Ag<Ca>Zn< Pb 
Zn<Ca< Pb 


Presumption for the Solubility 
of Zinc Oxalate 


From Table 1, except zinc oxalate, it is known 
that the regular relations are held between 
solubilities of oxalates and co-precipitations of 
ferric ions by oxalates, which are analogous 
to those of barium chromate and calcium 
oxalate.) The transition point of adsorption 
and occlusion of foreign ions is about 2x 10~* 
mol/l. at room temperature. For example, 
magnesium oxalate (1.8x10-° mol/l.) and 
uranyl oxalate (2.1x10~-?) are not pure on 
account of occlusion, and cerium oxalate 
(1.61077) or lead oxalate (5x 10-*) is not so 
pure as copper oxalate (1.610-‘) or silver 
oxalate (1.1 10‘) on account of adsorption. 

Therefore, the separation of lead or cerium 
in pure state from foreign ion will be estab- 
lished by increasing the solubility to about 
2x10-* mol/l.; for example it will be achieved 
by using 10~1.5 N nitric acid as the 
solvent. Of course, if acidity of soiution 
increases, then oxalates may become impure 
again. So it is forecasted that, perhaps, 
presumption of solubility will be possible by 


(5) T. Osawa, J. Chem. Soc. Japan, 7 1,68 (1950). (part II). 
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the use of this phenomenon.“ 

According to F. Kohlrausch®? the solubility 
of zinc oxalate is 4.1x10-° mol/l. at 18°. 
Therefore, according to the author’s surmise, 
the quantity of co-precipitation of iron by 
zinc oxalate might be between calcium oxalate 
(4.31075) and lead oxalate (5x10-°), but is 
found less than the case of calcium oxalate 
(Table 1). 

From the viewpoint of relations between 
co- precipitation phenomena and solubilities, the 
solubility of zinc oxalate would be between 
silver oxalate (1.1x10-‘) and copper oxalate 
(1.6*10-'), or between silver oxalate and 
calcium oxalate (4.8 10-°), because the quan- 
tities of co-precipitated irons by zinc oxalate 
are nearer those of copper or silver oxalate 
rather than those of calcium or lead oxalate. 

If the solubility of zinc oxalate is about 
4.1x10~° mol/l. (F. Kohlrausch), it seems to 
act on the acid solvents like lead or calcium 
oxalate. But the transition point of adsorption 
and occlusion in zine oxalate is 0.009 N of 
nitric acid, and is more similar to copper 
oxalate than to oxalate of lead or calcium. It 
is presumed, therefore, the solubility of zinc 
oxalate may be 1.1~1.6x10~-* mol/l. at room 
temperature. 


Determination of Solubility and 
Composition of Zinc Oxalate 


The oxalate, prepared in a suitable solvent, 
was stirred with distilled water in a thermostat 
at 20°-t 0.05°, and its solubility was determined 
by titrating the soluble oxalate ions with the 
permanganate solution. 

As to zine oxalate, a sample was prepared 
by the following way:— The equivalents of 
zinc nitrate and ammonium oxalate were 
separately dissolved in 0.05 N nitric acid, which 
is a good solvent for zine oxalate,“ and zinc 
nitrate solution was stirred at 80°, and then 
ammonium oxalate was added in the direction 
of C,.0,-~-—> Zn** to prevent the formation of 
soluble oxalate complex. The precipitate washed 
ten times, and after digested in water with 
stirring to the equilibrium at 20° + 0.05°, it 
was filtered by using Toyo roshi No. 5c, No. 4 
and platinium filter cone, and the filtrate was 
titrated with permanganate solution. 

The titration was carried out under a definite 
condition; 5cc. of 6 N sulfuric acid and 2 cc. 
of NV/10 sodium oxalate standard solution were 
added for the end point correction etc. In 


(6) T. Osawa, at meeting of Tohoku Branch, Chem. 
Soc. Jap., July, 1949. 

(7) Landolt-Bornstein, « Physik. Chem. Tabellen,” 3 
auf. 584 (1905). 
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Table 2, x is titres of N/10 KMnO, for 2 ce. 
Na.C.0, solution, 5 cc. of 6 N H.SO, and 25ce. 
distilled water. 

In primary experiments, substances, which 
have 10-*~10-® mol/l. solubility, required 
about 7 hours to attain equilibrium with distilled 
water. 

And, as expected, with zinc oxalate, greater 
values than that of F. Kohlrausch were found, 
but it was presumed that it might be due to 
the complex formation. 

In Table 2, data marked * are for zinc 
oxalate determined by the following procedure. 
The composition of zinc oxalate was determined 
by the estimation of ZnO and C,0,, the former 
by means of ignition, and the latter by titration 
with permanganate solution. 


Table 2 
N/10 KMnO, 


ee, zx 
titres 
(means), 
hr. min. ce. ce, ce. mol/1. 


-859 0.929 -800 0.050 0.9x 10-* 
860 -790 0.070 1.3 2 
820 .745 0.075 1. 
.800 0.076 1. 
l. 
1. 
1. 
L. 


Titres Solubility, 
factor (means), 42, 


Stirring 
hours, 


5 
2.05 
00 


~ ee 


- 


16.53* 
70.00* 
72.00* 
96.02 


220 
950 
.950 

2.823 0.929 


170 0.050 
.890 0.060 
.890 0.060 
.740 0.083 


1 
1 
2 

35 1.876 
3.220 
1 
1 
2 


wo = = © = t 


The distilled water, used in the experiments, 
was prepared in this labolatory and its specific 
conductivity was found to be 3.6x107-® em.-} 
Hi-. 

Table 3 
N/10 

KMao, ce. Zn0, g. C205, % 
17.50 46.41 
17.31 45.43 

0.1483 

0.1149 

0.0850 

16.81 46.52 

21.29 46.50 

22.41 46.41 

19.49 46.46 

46.46 


(Chemical factor of N/10 KMn0, is 1.227.) 


'A 
5 


" Sample, 
g. 
0.2036 
0.2013 
0.3455 
0.2675 
0.1980 
0.1951 
0.2472 
0.2607 
0.2265 


COnoaoukh vw = 


The theoretical percentage of Zn and C.,0, in 
various forms of zinc oxalate are as follows: — 


Zn, % C.0,, % 
62 57.38 
-18 51.35 

ZnC,0,-2H20 «+--+ 34.52 46.47 

(NHy)2Zn(O20,)2 «+--+ 23.56 63.45 


Forms of Oxalate 
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From above data, it is deduced that the 
samples used for the determination of solubili- 
ties in Table 2 are not oxalate complex, but 
ZnC.0,-2H.0O. <An investigation was made for 
other oxalates’ solubilities with the same 
precedures. The results are as follows: — 

Table 4 
Solubilities Hours 


reported, equil. 
mol/l. hr. min. 


Solubility 
measured, 


Temp., 
on 
mol/l. 


Oxalates Authors 


-2x 10-4 
5 3.2 2 


? 


Ba F.Kohlrausch 18 3.8 ~10-* 
Sr 4” & Rose 7 ‘9 g 4 

Ca ” ~-As 
Cu Schofer .0 5 7 
0 ” 
0 5.9x10-5 
x10-* 7.0 « x10-* 

20° + 0.05°C) 


Ca Aumerase 


1. 
i. 
Ag F. Kohlrausch 3 1. 
5. 
5. 


Pb F. Kohlrausch 


Silver oxalate was decomposed easily and 
its solubility differed from F. Kohlrausch’s, so 
the time of stirring seemed short, but the 
present author always obtained lower values 
in spite of more than 72 hours stirring. Other 
oxalates were almost of the same value even 
more than stirring times of Table 4. And some 
oxalate were determined by the same procedure 
and their composition were CaC,0,; + H:0, 
SrC.0,-H.O and BaC.O,-H.O. 


Summery 


The solubility of zinc oxalate has been 
reported by Kunschert (7 x 10~5 mol/l. at 25°)? 
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or F. Kohlrausch (4.2x10-5 at 18°), but, 
from the viewpoint of the relations between 
solubility and co-precipitation phenomena, it 
would be greater than their values, perhaps 
about 1.1~ 1.6 x 10~* mol/l. at room temper- 
ature. 

Measurements showed the solubility of zinc 
oxalate, of which composition was ZnC.O, - 
2H.0, to be 1.2 x 10-4 mol/l. at 20° + 0.05°. 
This is almost the same with the result obtained 
by Scholder, Gadene and Niemann (1.86 x 10-* 
mol/l. as 18°)“ but further details are not clear. 

By the relations between solubility and 
co-precipitation phenomena, a presumption or 
investigation of solubility may be possible ; 
namely, it may be determined by the use of 
the transition point of adsorption and occlu- 
sion of foreign ions (about 2x10-* mol/l. at 
20°). Needless to say, the formation or treat- 
ment of precipitate should be done under the 
same condition. The study on a mechanism 
for the adsorption or Balarew’s occlusion 
phenomena is in progress. 


The author expresses his graditude to Dr. 
Matsusuke Kobayashi and Dr. Takio Kato 
who gave him the valuable guidance, and also 
to Mr. Seiko Nagasawa for his co-operation. 


Faculty of Engineering, 
Yamagata University, Yamagata 


(8) Kunscheht, Z. Anorg. Chem., 41, 337 (1904). 

(9) F. Kohlrausch, Z. Physik. Chem., 12, 234 (1893). 

(10) Balarew, Z. Anal. Chem., 101, 161 (1935); 102, 
241, 408 (1935); 106, 249 (1936); 107, 289 (1936); Z. Physik. 
Chem., 30, (1935), etc. 
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By Yoshikazu SAHASHI, Masayuki MIKATA and Heiichi SAKAI 


(Received September 11, 1950) 


Introduction 


Since the year 1948 the chemical and bio- 
logical studies on vitamin B), have made a 
very rapid progress due to the effort of E. L. 
Rickes, E. L. Smith and co-workers who iso- 
lated it in crystalline state and established its 


(1) This report was first read, on July 15, 1950, in the 
40th meeting of the Vitamin B Research Committee in 
Japan. 


biochemical researches. Afterwards, many in- 
vestigations have appeared on the physiolog- 
ically active principle of vitamin B,, and the 
behavior of Animal Protein Factor (A.P.F.) has 
also been successfully confirmed. 

The recent advance of the vitamin B,,. chemi- 
stry caused the present authors to attempt 
further studies on a simple preparation of 
vitamin B,, concentrate (Part I) and biochemi- 
cal synthesis of vitamin B,, from 5, 6-dimethyl- 
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benzimidazole (Part II), because there is little 
supply of A. P. F in Japan. 

In part I, the isolation of vitamin B,, con- 
centrate was carried out with the J.M. Pen- 
sack’s?? modified method, and physiological 
tests were thoroughly studied by Dr. S. Ito 
(bone marrow culture test), Dr. K. Inoue 
(clinical test) and Dr. K. Sakaguchi (L. L. D. 
active test). 

In part II, the present authors attempted a 
few studies on the biochemical synthesis of 
vitamin B,. from 5, 6-dimethyl- benzimidazole. 

In 1949, N.G. Brink et al.‘ isolated a deg- 
radation product from crystalline vitamin B,,. 
by acid hydrolysis which has been identitied by 
synthesis as 5, 6-dimethylbenzimidazole (A), 
and consequently proposed that a provisional 
formula for vitamin B,, may be represented as 
follows (B):— 


BD « 
cH.” \% . 
CH 


/\xyH/ 
(A) 


CH, 


N. 

CH.7 oa 
CH 

CH,, 


4 \n7 Cs3—5al177~51Ny201,PCo 
(B) 


In the same year V. Kocher et al.“ reported 
that desoxyribosides of thymine, guanine, cy- 
tosine and hypoxanthine can replace vitamine 
By, as a nutrient of Lactobacilli. In March 
1950, T. Tomiyama® also found in the fish 
liver a new anti-anemia factor containing no 
cobalt. 

Afterwards many investigations have been 
reported about the further characterization of 
vitamin B,, but until quite recently (July 
15th, 1950) no publication of biochemical 
studies on the implications of the vitamin B,. 
and 5,6-dimethylbenzimidazole has been ap- 
peared. 

In the physiological investigation of vitamin, 
it is already well known that the fresh animal 
tissue contains a substance which activates 
vitamin By, to pseudopyridoxine,“ and, on the 
other hand, microorganisms such as yeast pos- 


(2) J. M. Peusack, R. M. Betheke and D. C. Kennard, 
J. Nutrition, 37, 353 (1949). 

(3) N.G. Brink and K. Folkers, J. Am. Chem. Soc., 71, 
2951 (1949). 

(4) V. Kocher and O. Schindler, Inter. Z. Vitaminforsch., 
20, 441 (1949). 

(5) T. Tomiyama, Reported in the 38th meeting of 
Vitamin B Research Comittee (1950). 

(6) F. Schlenk and E. E. Snell, J. Bio. Chem., 157, 425 
(1945). 


sess a power of synthesis of vitamin B, from 
pyrimidine portion and thiazole moiety.” 

Guided by the above literatures, the present 
authors at first carried out synthetical experi- 
ment of (A), and the pure crystal (A) thus 
obtained was used in the following biosynthe- 
tical experiments. 


Experimental 


A Simple Preparation of Vitamin B,, Con- 
centrate. 


Vitamin B,, Concentrate.—A solution of 80% 
ethanol was added to the chopped fresh cow liver, 
and after refluxing for 5 hours, the mixture was 
filtered. Refluxing process was repeated three 
times and the extract was consolidated, eyapo- 
rated and filtered. The filtrate was treated with 
activated charcoal, and the charcoal adsorbate 
was eluted with 5% NH,OH in 50 % ethanol. 

On evaporating the filtrate, vitamin By, con- 
centrate was obtained in syrupy state. The 
vitamin B,z2 concentrate thus obtained was dis- 
solved in saline solution and diluted to 9~107 of 
pure yitamin By». per ce. according to our sup- 
position. 

Cobalt determination was tested by Dr. I. Tachi 
with the polarographic method. 


Physiologica! Tests—Bone marrow culture test 
was carried out by Dr. S. Ito. 01x 10-*7~0.1~ 
10-* diluted solution of the vitamin By». concen- 
trate gave the satisfactory responses in red blood 
cell (R.B.C.), white blood cell (W.B.C.) and 
reticulocyte. .1x10-? diluted solution of the 
concentrate gaye a W.B.C. value similar to that 
given by 0.1 cc. of normal blood serum and 0.1~x 
10-' diluted solution of concentrate gave a R.B. 
C. count similar to that given by 0.1 cc. of normal 
blood serum. Moreover, the bone marrow re- 
sponse given by 0.1 cc. of normal blood serum 
corresponded to 107 of folic acid. 

Antagonistic activity test was negative against 
aminopterin and so the concentrate was proved 
to be free from folic acid. Furthermore, com- 
parative studies of the bone marrow culture with 
standard solution of vitamin By, (Merck’s Cobi- 
one) were carried out by Dr. S. Ito. One ce. of 
the vitamin By, concentrate was accurately esti- 
mated to correspond to 107 of pure vitamin By». 

Clinical test was carried out by the cooperation 
of Dr. K. Inoue. For macrocytic anemia patients, 
favorable results were obtained by subcutaneous 
injection of 1~2cc. per week. Details were re- 
ported in the Proceedings of the Vitamin B 
Research Committee (Vol. 36~40, 1950). 

L.L.D. active test was also carried out with the 
microbiological assay by Dr. K. Sakaguchi. 


Biochemical Synthesis of Vitamin B,. Active 


substance. 
4, 5-Dimethy!l phenylenediamine (1, 2) - 


(7) J. Ashida, Bull. Agr. Chem. Soc. Japan, 18, 732 
(1942); 19, 719 (1943). 
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-dihydrochloride (C).—4, 5-Dimethylphenylenedi- 
amine was prepared from _ 3, 4-dimethyl-6- 
nitroaniline which was previously reserved for the 
experiments of synthetic flavin® from p-nitro- 
toluene and s-dichloromethylether. 3, 4-Dimethyl- 
6-nitroanilin was dissolved in glacial acetic acid 
and converted to 4,5-dimethylphenylenediamine 
(1,2) by catalytic reduction with platinum oxide, 
and to the resulting diamine concentrated HCl 
was added. On evaporating, the hydrochloride 
(C) was obtained in colorless needles, melting at 
above 280° (uncorr.). Found: N, 13.10, Calculated 
for C.-H,,N2Cle: N, 13.39 %. 


5, 6- Dimethyl benzimidazole (A).— 4, 5- Dimethyl- 
phenylenediamine (1,2)-dihydrochloride (C) was 
treated with formic acid in a boiling water-bath, 
and while still hot the mixture was filtered, The 
filtrate was neutralized with sodium hydroxide 
to slightly alkaline state, and on standing over 
night crystalline precipitates separated out. After 
recrystallizing the precipitates from hot water, 
(A) was obtained, fine needles melting at 200° 
(uncorr.). Found: C, 72.69, 72.66; H, 7.62, 7.23; 
N, 19.44, 19.82; Calculated for CoHNe: C, 73.97; 
H, 6.84; N, 19.01 %. 


Biochemical Synthesis of (B) from (A) with 
the Fresh Chick Liver Paste.— Ten mg. of (A) 
was added to 20 g. of the fresh chick [iver paste. 
The mixture was treated with a few drops of 
toluene, and autolyzed at 37° in a thermostat. 
After 60 hours, the reaction product was extracted 
with hot water and the clear filtrate was collected. 
On evaporating under the diminished pressure, 
the residual matter was dissolved in 10cc. of 
water. The vitamin B,z potency was estimated 
by the microbiological assay using Lactobacillus 
lactis Dorner. The blank test was also carried out 
with an ordinary chick liver paste in the same 
condition. The comparative data are shown in 
Table 1, 


Table 1 


Vitamin By. Contents in the Fresh Chick 
Liver Paste Treated with 5, 6-Dimethyl- 
benzimidazole Added. 
Vitamin Bie 
potency in 
2g. of fresh 
chick liver, 7 
Fresh liver paste \ 9,92 
(control) es 


Vitamin By 
potency in 
100 g. of chick 
liver, 7 


11.0 


Contents of 
vitamin Big 


13.5 


with 5, 6-dimethylbenz- 


Fresh liver paste treated 
} 0.27 
imidazole 


The above result indicated about 20~25 % 


(8) Y. Sahashi, Proc. Imp. Acad., 21, 14 (1945). 
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increase of vitamin By, potency in the chick 
liver paste by the treatment of (A). 


Synthetical Experiments of (B) with Strepto- 
myces from (A).—To the Dulaney broth for 
Streptomyces x-28, (A) was added and after six 
days’ incubation the broth was assayed micro- 
biologically by Lac‘obacillus lactis Dorner. The 
results obtained are shown in Table 2. 


Table 2 


Vitamin B,. Potency in the Broth of 
Streptomyces by Adding 5, 6-Dimethyl- 
benzimidazole. 

Vitamin By, potency 

in the broth, u/cc.* 
Exp. 1. Exp.2. Control exp. 
Dulaney broth 37.5 50.0 0 
Dulaney broth 50.0 
CoC1,0.06 mg. /50ce. j ~~" 
Dulaney broth 
5, 6-dimethyl- 90.0 
benzimidazo’e J 4 
1 mg./50 ce. 


* u=L.L. D. unit (1y=11000L. L. D. units) 


Broth 


51.0 0 


98.0 


The above experiments demonstrated about 
100~ 150 % increase of vitamin By, potency in 
the broth of streptomyces by adding (A), while 
the addition of CoCl, seemed little effective. On 
the other hand, the effect of pure (A) and 
inorganic cobalt ions upon the growth of L.L.D. 
was tested, but no response for the particular 
increase of vitamin By. potency was observed. 


Summary 


In part I, a simple method for isolating 
vitamin B,. concentrate was studied. 

In part II, (A) was decided to be a prosthetic 
group in natural (B) molecule biochemically, 
and the biosynthesis of (B) from synthetic (A) 
could be attained snecessfully. 


The authors wish to express their sincere 
thanks to Prof. Y. Kuno for his kind guidance. 
And they are also indebted to Drs. K. Inoue, 
K. Sakaguchi, I. Tachi and S. Ito for their 
hearty cooperation. The cost of this research 
has been defrayed from the Vitamin B Research 
Committee and the Institute of Pharmaceutical 
Resources, to which the authors’ thanks are 
due. 


Biochemical Laboratory, Faculty of Agriculiure, 
the Univerrity of Tokyo, Tokyo 
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On the Irreversible Reduction Wave of Titanic Ion at the 
Dropping Mercury Electrode” 


By Reita TAMAMUSHI 


(Received October 17, 1950) 


It has been shown by Strubl’s work’? that 
the titanic-titanous system gives a well-defined 
polarographic oxidation-reduction wave of the 
irreversible type in the medium of hydrochloric 
acid. In the previous paper the equation 
for the polarographic oxidation-reduction wave 
of the irreversible type was derived from the 
view-point of chemical kinetics. Now, in order 
to obtain the experimental supports on the 
results obtained by the theoretical consideration, 
the polarographic behavior of titanic ion in the 
sulfuric acid solution was investigated. In this 
paper, the results on the cathodic wave due 
to the electroreduction of titanic ion will be 
discussed. 


Experiments 


Apparatus. — Both the “manually operating 
polarograph” and the “ photo-recording polaro- 
graph with the Kalousek’s circuits” were used. 
Most of the accurate measurements, e¢. g., the 
determination of the half-wave potential, were 
carried out with the former. The Kalousek’s 
method was used to test the reversibility of the 
polarographic electrode reaction. A normal calo- 
mel electrode (N. C. E.), which is connected with 
the solution of the polarographic cell by 1 NV 
KCI solution and 1 NV KNO,-agar-bridge, was used 
as a reference electrode. The atmospheric oxygen 
was removed from the solution with a stream of 
pure hydrogen gas obtained by the electrolysis of 
NaOH solution. The temperature of the polaro- 
graphic cell was maintained at 25.0 +0.1° ina 
thermostat. 

The capillary constant, m?/* t'/6, of the dropping 
mercury electrode in 0.065 N-H,SO, free from the 
oxygen was 1.14 mg.?/* sec.—'/2 without applied 
potential and 1.13 mg.?/* sec.-1/7 at —1.0 volt vs. 
N.C. E. 


The Preparation of Ti‘*+ -H,SO, Solution. — A 
small quantity of purified TiO, was dissolved in 
conc. H,SO, with strong heating, and then this 
solution was diluted with distilled water. The 


(1) Presented at the 3rd annual meeting of the Chem- 
ical Society of Japan in April, 1950. 

(2) R. Strubl, Collection Czechoslovak Chemical Com- 
munications, 10, 475 (1938). 

(3) R. Tamamushi and N. Tanaka, This Bulletin, 22, 
227 (1949). 

(4) M. Kalousek, Collection Czechoslovak Chemical Com- 
munications, 13. 105 (1948). 


concentration of the titanic ion was determined 
gravimetrically. 


Experimental Results 


The Relation of Ti‘*-Concentration and 
Limiting-Current and that of Ti‘*-Con- 
centration and Half-wave Potential. — 
The measurements were carried out with the 
solutions containing titanic ion from 0.05 x 
10-° to 1.0 x 10-° M in concentration. Some 
of the results are shown in Table 1 and one 
of the polarographic waves obtained is shown 
in Fig. 1. The supporting electrolyte contained 


Table 1 

Ti**-Conen., V1/2, volt K,, 

mol/l, vs, N.C.E. amp./mol/1. 
10 ~x10-* 204~%10-8 —0,828 2.1x10-* 0.58~0,56 
a 9 2.02x % —0827 7 7 0,57~0.56 
05 x % 9.95x10-7 —0,826 2.06x 7 0.62 
0.25 x 7 507x 7 —0,829 2.11x 7 0.61 
0.125x 7 244K 7 —0-820 2.03x 7 0.67 


Iu, amp. a 


Current, microamp. 


—0.6 —0.8 
Volt_ vs. N.C.E. 

Fig. 1—Reduction wave of Ti‘t-ion in 
0.065 NV H,SO,. 


—0.4 —1.0 


sulfuric acid of the same concentration as: 
contained in the standard solution of titanic 
ion, so that the concentration of sulfuric acid 
in the measured solution was the same with 
changing the concentration of titanic ion. The- 
experimental results indicated that the limiting 
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current (Ia) is proportional to the concentra- 
tion of titanic ion, which is in agreement with 
the results obtained by Strubl.‘”? 

As for the half-wave potential of the Ti- 
wave, Strub] stated that the oxidation wave 
has the definite half-wave potential of — 0.18 
volt vs. N.C. E. while the half-wave potential 
of the reduction wave appeared at the potential 
of about — 0.98 volt is not definite.‘*?? How- 
ever, the present experiment showed that the 
polarograms obtained in 0.065 N sulfuric acid 
give the definite half-wave potential of —0.825 
+0.005 volt vs. N.C. E. (at 25.0°), which is 
independent of the concentration of titanic ion 
as shown in Table 1, 


The Effect of the Concentration of the 
Foreign Electrolyte on the Half - wave 
Potential. — The half-wave potential was 
measured with the solutions containing sulfuric 
acid in concentration from 0.026 to 0.452 M 
for the purpose of finding out the relation 
between the half-wave potential and the con- 
centration of the electrolyte (Fig. 2). In this 
measurement, titanic ion was kept at the same 
concentration. The results showed that the 
half-wave potential shifts to more negative 
value with the increase in concentration of 
sulfuric acid. The same results were obtained 


ry) 
4 


| 
80 Delile! RRP +P 
0.1 0.2 
Conen. of sulfuric acid, mol/1. 
Fig. 2.—The effect of the concentration of 
sulfuric acid on the half-wave potential of 
Tit*-reduction wave. 
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by changing the concentration either of hy- 
drochloric acid, ammonium sulfate, potassium 
nitrate, magnesium nitrate or aluminum nitrate 
(Fig. 3). Furthermore, it is to be mentioned 
here that Ti‘*-H,SO, solution gave the quite 
different polarographic wave when the con- 
centration of sulfuric acid became to be more 
than about 1 NV. 


Relation of log I/(Ia— I) and V.—A 
plot of the potential V against log I/(I, —I) 
gave a straight line as shown in Fig. 4, which 
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AU(NO3) 4° 9H20 


Mg(NO3) 64,0 


Vi72, volt vs. N.C.E. 


a See ee. ee 
0.01 0.04 
Conen. of the foreign electrolyte, mol/1. 

Fig. 3.—The effect of the concentration of the 
foreign electrolytes on the half-wave potential 
of Ti'+-reduction wave, The salts mentioned in 
this figure was added to the Ti**-solution which 
contains 0.019 M H.SO, 


0.02 0.038 


! 


—08 —1.0 


vs. 


—0.9 
Volt N. C. E. 
Fig. 4.—Relation between logI/(Z,—Z) and V. 


means that the reduction wave of titanic ion 
in 0.065 N sulfuric acid has a center of sym- 
metry at the half-wave potential. 


The Test of Reversibility of the Elec- 
trode Process with the Kalousek’s Method. 
—- The results obtained with the Kalousek’s 
method are shown in Figs. 5 and 6. The 
experimental results on the wave of Pb** ion 
in KOH solution are also shown in these 
figures as a typical example of the application 
of this method to a reversible wave. It can 
be seen from Fig. 5b that no oxidation current 
flows when the Kalousek’s method I-a is applied 
to the reduction wave of titanic ion. Moreover, 
it was found by the Kalousek’s method II that 
the anodic wave of the reduction product of 
titanic ion is obtained at the more positive 
potential than that of the cathodic wave 
of titanic ion. This means that, when the 
sufficient positive potential is given to the 
electrode, the reduction product of titanic ion 





Reita TamamusnHt! 


Galv.zero 


Fam 


V | 


. Fig. 5.—Polarograms obtained by Kalousek’s 
method I-a: a, curve due to Pb?+ in KOH 
solution, difference 300 millivolts; b, curve 
due to Tit* in ca, 0.07 N H,SO,, difference 
100 millivolts. 


Fig. 6.—Pojarograms obtained by Kalousek’s 
method II: a, curve due to Pb?+ in KOH 
solution; b, curve due to Ti*+ in ca, 0.07 N 
H,S0,. 


can be oxidized at the drupping mercury elec- 
trode. This is in agreement with the fact that 
titanous ion can be oxidized at the dropping 
mercury electrode, and it gives the separated 
anodic wave from the cathodic wave of titanic 
ion. 


Discussion 


Since, according to R. Strubl, the number of 
electrons concerning the reduction of titanic 
ion is one,‘ it will be assumed that the re- 
duction of titanic ion proceeds as shown in 
the following; 


Ti** + € == Ti** (1) 


From the results of the Kalousek’s method, it 
can be said that the polarographic electrode 
process of titanic ion proceeds irreversibly and 
that at the potential region of the reduction 
wave the velocity of the oxidation process is 
vanishingly small. Then, it is quite certain 
that the reduction wave of titanic ion is one 
of the irreversible type, and it may be con- 
sidered that the activation process involving 
the transfer of an electron at the electrode 
surface is the rate-determining step of the 
over-all process. According to the theoretical 
treatment described in the previous paper™ the 
formulae of the current-voltage curve of the 
reduction wave in the activation-controlled 
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ease can be represented as follows: 


re eee Ee 


naF  Ia—I naF 


Iq = nFR',[A]® =nFKIC)° (3) 


where Iq represents the limiting current of the 
reduction wave, F, the Faraday constant, n, 
the number of electrons which participate in 
the reaction, /,, the activity coefficient of the 
oxidized ion, and K, and K’, are the constants 
concerning to the diffusion process, and (C,)° 
and (A,J°, the concentration and the activity 
of the oxidized ion in the body of the solution, 
respectively. The term @ is the portion of the 
electrode potential which promotes the reduc- 
tion process, and it takes the value between 
0 and 1. 

If Eqs. (2) and (8) can be applied to the 
reduction wave of titanic ion, the half-wave 
potential will be independent of the activity 
or concentration of titanic ion, so far as the 
activity coefficient of the titanic ion remains 
constant, and the linearity of the relation 
between log I/(Ig—I) and V will be satisfied 
on the polarographic waves obtained experi- 
mentally. The experimental results indicated 
in Table 1 and Fig. 4 show clearly that they are 
in accord with the theoretical considerations. 
Consequently, it can be concluded that the 
reduction wave of titanic ion in the medium 
of sulfuric acid (less than about 1) is one of 
the activation-controlled type and the formulae 
of its polarographic wave are represented by 
Eqs. (2) and (3). 

It must be mentioned here that the half- 
wave potential of the reduction wave of titanic 
ion varied with the change of the foreign 
electrolyte in the solution. It was experimen- 
tally found that the effect of the concentration 
of the electrolyte on the half-wave potential 
became larger when the valency of the cation 
of the foreign electrolyte increased. A similar 
result on the deposition potential of the hy- 
drogen ion was reported by Herasymenko and 
Slendyk,“® and it was explained by them by 
considering the adsorption of the ion. A. 
Frumkin developed his theory on the hydro- 
gen overvoltage, and he interpreted reasonably 
the effect of the foreign electrolyte by introduc- 
ing the conception of {-potential of Stern.‘” 
In the present case, the shift of the half-wave 
potential of the reduction wave of titanic ion 
is expected to occur when either one or all of 


(5) P. Herasymenko and I. Slendyk, Z. physik. Chem., 
A149, 123 (1930). 

(6) A. Frumkin, idid., A 164, 121 (1933). 

(7) O. Stern, Z. Elektrochem., 30, 510 (1924). 
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the following conditions is fulfilled, namely: 
(1) when the state of titanic ion in the solu- 
tion changes with the change oi electrolytes; 
(2) when the activity coefficient of the titanic 
ion changes with the change of the ionic 
strength of the solution; and (3) when ¢- 
potential of the surface of the dropping mercury 
electrode changes with the change of the elec- 
trolytes and the value of the hali- wave potential 
is affected by {-potential. The experimental 
results are, though qualitatively, in accord with 
the change of half-wave potential which is 
calculated on the assumption that the activity 
coefficient of titanic ion changes with the change 
of ionic strength of the solution. It is highly 
probable that the property of the double layer 
at the dropping mercury electrode and the 
value of €-potential will play an important 
role on the value of the hali-wave potential. 
However, from the present study no conclusion 
can be driven out on the reason of the shift 
of the hali-wave potential due to the change 
of the concentration of the foreign electrolytes. 


Summary 


The reduction wave of titanic ion in sulfuric 
acid medium was investigated in order to give 
some experimeutal supports to the theoretical 
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results on the irreversible wave which were 
derived from the standpoint of chemical ki- 
netics. The Kalousek’s method was used to 
test the reversibility of the reduction process of 
titanic ion at the dropping mercury electrode, 
and it was found that this process proceeds 
irreversibly. From the constancy of the half- 
wave potential, which is independent of the 
concentration of titanic ion, and from the linear 
relation between log I/(Ig—I) and V, which 
were proved by the experiments, it can be said 
that the theoretical equation (2) explains the 
feature of the irreversible reduction wave such 
as that of titanic ion. Furthermore, the effect 
of the foreign electrolytes on the half-wave 
potential was measured, on which some discus- 
sions were carried out. 
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The polarographic reduction wave of nickel- 
thiocyanate complex is one of the problems 
studied by several researchers from the stand- 
point of chemical analysis.7»> However, its 
theoretical treatment has not been carried out 
and its reduction mechanism has not been 
clarified, because it is considered to be of 
irreversible character. For these several years 
the theoretical treatment for the irreversible 
wave has been proposed by the author and 
other researchers, and it has appeared possible 
theoretically to analyse the irreversible wave of 
the complex. In this situation the present study 


(1) J. J. Lingane and H. Kerlinger, Ind. Eng. Chem., 
Anal. Ed., 13, 77 (1941); etc. 


was taken up. One of the purposes was to 
clarify the reduction mechanism of the complex 
using the theoretical consequence reported in 
the previous paper™ and the other was to 
show that the theoretical consequence is 
applicable to the analysis of such an irreversible 
wave. 

After some preliminary experiments, however, 
it was found out that the dissociation of nickel- 
thiocyanate complex in the solution is not 
simple and the reduction wave of the complex 
has most complicated behaviors. In spite of 
these facts it was possible to explain the result 


(2) R. Tamamushi and N. Tanaka, this Bulletin, 23, 
110 (1950). 
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obtained by the experiment, though partly, 
with the result derived from the theoretical 
treatment. In addition of the fact, the reduction 
wave of this complex is characteristic in several 
points of view. In the present paper the 
experimental results of the reduction wave of 
this complex and the reduction mechanism 
estimated from them have been presented. 


~ 


Experiments and Experimental Results 


Apparatus. — A manually operating polaro- 
graph and a photo-recording polarograph were 
employed, of which the former was employed 
for the accurate measurements. A dropping 
mercury electrode was used for the cathode 
and a normal calomel electrode, for the anode. 
Four capillaries were used for the dropping 
mercury electrode, which have the capillary 
constants, m?/3 41/6, of (a) 1 (b) 2.082, (c) 
1.203 and (d) 1.836 (mg.?/* sec. =1/2) i minaneed 
in distilled water free from oxygen without the 
applied potential. Of these capillaries, (c) and 
(d) were used for measuring the limiting cur- 
rents at various heights of mercury reservoir. 
The value of 1.208 for (c) and 1.836 for (d) 
were the values measured at a S2cm. of 
mercury height. All polarographic measurements 
were made in a thermostat of 25.0° with a 
norma] calomel electrode as a reference electrode, 


Standard Solution of Nickel and Sup- 
porting Electrolyte. — The nickel standard 
solution was prepared by dissolving Kahlbaum’s 
nickel chloride (free from cobalt) in distilled 
water. The concentration of the stock solution 
was 1.640 milli M, which was determined by 
the gravimetric method. 

For the supporting electrolyte the mixtures of 
potassium thiocyanate and potassium chloride 
and of potassium thiocyanate and potassium 
nitrate were used. When the medium of 
KSCN-KNO, was used, gelatine was added by 
0.005% in concentration. 


7 95, 


Polarograms of Nickel - thiocyanate 
Complex in the Supporting Electrolyte of 
Various Concentrations of Potassium 
Thiocyanate.— (a) In the Medium of 
KSCN-KCI. The current-voltage curves were 
measured with the solutions containing 0.528 
milli M of nickel and various concentrations of 
potassium thiocyanate. Potassium chloride was 
added to all the solutions by 1 M in concen- 
tration to eliminate the effect of migration 
current appearing when the quantity of potas- 
sium thiocyanate was insufficient. Some of 
the polarograms obtained are shown in Fig. 1. 

For ali the polarograms log I/(I:-I) was 
plotted against V, the plots holding a straight 
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Current 


—~06 —08 -10 —12 —~14 -16 -18 
Potential, volts vs. N. C. E. 


Fig. 1.—Polarograms of nickel-thiocyanate 
complex: the concentration of nickel, 
0.328 milli .W; supporting, electrolyte, 1 
M KCl +, (a) 0.6 M KSON, (b) {0.02 If 
KSCN, (c) 0.01 M KSCN, 


0,6 0.7 0.8 
V, volts vs. N. C. E. 


Fig. 2.—Relation of log Z/(I)-) and V of 
polarograms of nickel-thiocyanate com- 


plex: supporting electrolyte, | MZ KCl 
+, (a) 0.5 M KSCN, (b) 0,04 M KSCN 


lines, some of which are shown in Fig. 2. 
From these log plots their inclinations and the 
half-wave potentials were obtained, which are 
shown in Table 1. 

Some of the results obtained from these 
experiments are as follows: (1) The reduction 
waves of the nickel-thiocyanate complex have 
the center of symmetry at the half-wave 
potential, but their inclinations are not in 
accord with those expected from the reversible 
reduction wave. (2) Their half-wave potential 
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Table 1 
The Half-wave Potential and the Inclina- 
tion of Log Plot of the Polarograms Obtained 
in the Supporting Electrolyte Containing Va- 
rious Concentsations of Potassium Thiocyanate 
and 1 VY of Potassium Chloride 


Second wave 
reo, 


Inclina- — 
tion of phe 


xson, iat legplot, Pape 
M v. mV. V. 

2.00 0.720 35 
1.00 0.704 35 
0.50 0.691 36 
0.20 —0.687 41 
0.10 —0.689 43 
0.04 —i).704 49 
0.02 —0.716 2 
0.01 —0.725 51 
0.005 —0.725 52 


First wave 
—_— 
Concen- Half- 
tration wave 
of poten- 


Inclina- 

tion of 

log plot, 
mV. 


—0.925 48 

—0.916 79 

—(0.912 82 

* The half-wave potential is referred to 
a normal calomel electrode, 


is the most positive when the supporting 
electrolyte contains about 0.2 M of potassium 
thiocyanate and shifts to negative potential 
with the increase or the decrease of concentration 
of potassium thiocyanate in the supporting 
electrolyte. (3) The second wave appears when 
the concentration of potassium thiocyanate is 
less than 0.04 M. (4) A minimum of current 
appears in the part of the limiting current’s 
plateau of the current-voltage curve in the 
supporting electrolyte containing potassium 
thiocyanate more than 0.02 M, and it disap- 
pears when the concentration of potassium 
thiocyanate decreases down to 0.01 M. This is 
one of the most characteristic features of the 
polarograms of the complex. Some experiments 
were carried out on it, but the reason why it 
appears on the current-voltage curve could not 
be clarified in the present study. 


(b) In the Medium of KSCN-KNO.. 
The current-voltage curves were measured with 
the solutious containing 0.328 milli M of nickel, 
various concentration of potassium thiocyanate 
and potassium nitrate and 0.005% of gelatine; 
the total concentration of potassium thiocyanate 
and potassium nitrate in the solution being 
adjusted to be 2 M to keep the ionic strength 
in the solution constant. They were also 
measured with the solutions containing various 
concentrations of nickel, 0.2 M of potassium 
thiocyanate, 1.8 M of potassium nitrate and 
0.005% of gelatine to know whether the half- 
wave potential varies with the change of the 
concentration of nickel. The polarograms 
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obtained showed similar behaviors to those 
obtained in the medium of potassium thiocyanate 
and potassium chloride, so far as the appearance, 
the shift of half-wave potential with the 
concentration change of potassium thiocyanate 
and the less reversibility were concerned. The 
half-wave potentials, the inclination of the log 
plotsand the diffusion current constants obtained 
in the supporting electrolytes containing various 
concentrations of potassium thiocyanate are 
shown in Table 2 and the half-wave potentials 
and the diffusion current constants obtained 
with the changing of the concentration of 
nickel, in Table 3. In this case the log plots 
were somewhat less linear when the concentra- 
tion of potassium thiocyanate in the support- 
ing electrolyte is considerably lurge. 


Table 2 


The Half-wave Potential, the Inclination of 
Log Plot and the Diffusion Current Constant 
of the Polarograms Obtained in the Supporting 
Electrolytes Containing Various Concentra- 
tions of Potassium Thiccyanate and Potas- 
sium Nitrate 

Hali- 

Concent- Concent- wave 
ration of ration of poten- 
KSCN, KNO,, tial vs. 
M M N.C.E., 

v 
2.00 0 —0. 

50 -00 —0. 

-00 1.00 —0. 

.50 1.50 —0. 

-20 1.80 

-10 1.90 
1 
1 


Incli- Diffusion 
nation current 

of log constant, 
plot, pA(milli M)-! 
mV. (mg.2/*sec.~'/7)—1 


39 3.23 
36 3.15 
43 3.25 
42 .24 
47 3.03 
48 2.91 

2.48 


s ou 


Sa — Wt & 
to 


— 
wees 


itn ots at ms a me a 


Y 
~J 


05 -95 2 
-03 -97 .737 
0.01 1.99 —0.764 


Table 3 


The Half-wave Potential and the Diffusion 
Current Constant of the Polarograms Obtained 
with Various Concentrations of Nickel in the 
Supporting Electrolyte Containing 0.20 M of 
KSON and 1.80 M of KNO,; 


Half-wave Diffusion current 
constant, 


pA(milli M)-! 


Concent- 
ration of potential 

nickel, vs. N.C.E., 
x10-* M V. (mg.?/*see.-1/2)-" 


0.0656 —0.706 2.92 
0.164 —0.704 3.04 
0.328 —0.708 3.03 
0.656 —0.701 3.22 
1.640 —0.700 3.12 


Limiting Current Measured at Various 
Heights of Mercury. — (a) In the Medium 


The limiting currents were 


of KSCN-KCI. 
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measured at various heights of mercury. If the 
limiting current is determined only by the 
diffusion process, it should be proportional to 
the square root of mercury height. The 
experimental results indicated that when the 
supporting electrolyte contains less than 0.2 
M of potassium thiocyanate the ratio of limiting 
current to the square root of mercury height, 
T,/,/ H » increases with the decrease of mercury 
height, H, which means clearly that the limiting 
current involves the kinetic current besides the 
diffusion current. Some of the experimental 
results are shown in Table 4. In the supporting 


Table 4 


The Limiting Current Obtained at 
Various Heights of Mercury 


Vi Lian,  Lncays Lies) Tica) 
’ pa pa VE VH 


Supporting electrolyte, 1 MZ KC1—2 M KSCN 
81 9.00 1.291 
61 7.81 1.114 

46 6.78 0.977 

Supporting electrolyte, 1 MKCi—0.2 MKSCN 
Sl 9.00 1.341 0.149 
61 7.8L 1.174 0.150 
46 6.78 1.033 0.152 


Supporting electrolyte, 1 4 KC]—0.005 M KSCN 
82 9.06 0.219 0.308 0.0242 0.0340 
62 7-87 0.219 0.292 0.0278 0.0371 
47 6.86 0.221 0.270 0.03822 0.0393 


H, 
em. 


electrolyte containing 0.005 M of potassium 
thiocyanate the limiting current of the first 
wave is completely determined by the rate of 
the association but not by the diffusion because 
it is independent of the height of mercury as 
indicated in Table 4. 

(b) In the Medium of KSCN-KNO,. It 
was found out that in this medium the limiting 
current is completely determined by the diffusion 
process even in the case of low concentration 
of potassium thiocyanate. Since this medium 
contains 0.005% of gelatine, the disappearance 
of kinetic current is possibly considered to be 
due to the existence of gelatine. 

Polarograms obtained by the Kalousek’s 
Method.—It has been already reported that the 
reduction wave of nickel-thiocyanate complex 
has an irreversible character, and it has been 
also expected from the ordinary polarographic 
measurements of the present study: the log 
plot of the wave does not give the slope expected 
from the reversible wave, as described above. 


(3) P. Delahay, Jour. Phys. Coll. Chem., 54, 630 (1950). 
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The result obtained by P. Delahay“ with a 
technique of oscillographic polarography shows 
the reduction of this complex to be irreversible 
in the supporting electrolyte containing 0.56 M 
of potassium thiocyanate. To these verifications 
of the irreversibility of the reduction of this 
complex, the confirmation of the fact has been 
added by the author using the Kalousek’s 
method.“*? The polarograms of this complex 
obtained with the method are shown in Figs. 3 
and 4, compared with the polarograms of the 
reduction wave of lead which is considered to 
be reversible. When the polarograms are 
obtained with the circuit I-a of the Kalousek’s 
method, they should give a _ well-defined 
minimum of current if the reduction of the 
substance concerned is reversible, as shown in 
polarogram (a) of Fig. 3. No minimum of 
current is clearly seen in the polarograms (b) 
and (c) of Fig. 8. The polarograms (b) and 
(c) of Fig. 4 are also quite different from the 
polavogram (a) in the same figure, although 
they were all obtained with the same circuit. 
From these facts it can be concluded that the 
reduction of this complex is irreversible as 
already recognized from the other informations. 





Fig. 3.— Polarograms obtained with the 
circuit I-a of ,the Kalousek’s method, 
polarograms of, (a) Pb*+* in the KOH 
solution, (b) nickel-thiccyanate complex 
in the KNO,-KSCN medium, and (c) 
nickel-thiocyanate complex in the KCl- 
KSCN medium, Voltage difference =0.3 


0 

Fig. 4.—Polarograms obtained with the cir- 
cuit II of the Kalousek’s method, polarograms 
of, (a)Pb*++ in the KOH solution, (b) nickel- 


thiocyanate complex in the KNO,-KSCN 
medium, and (c) nickel-thiocyanate complex 
in the KCI-KSCN medium. 


(4) M. Kalousek, Collection Czechoslov. Chem. Communs., 
13, 105 (1948). 
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Discussion 


Since the reduction wave of nickel- thiocyanate 
complex has most complicated behaviors, the 
reduction mechanism of the complex has been 
explained incompletely only with the present 
experiment. However, if the following mechan- 
isms are assumed for the reduction of the com- 
plex, the experimental results can be explained 
at least qualitatively. 

(1) In the solution containing an extreme- 
ly high concentration of potassinm thiocya- 
nate, nickel exists mainly in the form of 
Ni(SCN),,¢-"*; in the solution containing a 
moderate concentration of potassium thiocya- 
nate, mainly in the form of Ni(SCN),“@-”* (u>); 
and in the solution containing a low concentra- 
tion of potassium thiocyanate, mainly in the 
form of Ni(SCN),,°~"’?*(v>w). 

(2) The polarographic wave appearing at 
the potential of about —0.7 volt vs. N.C.E. is 
due to the reduction of Ni(SCN),‘°-”* ion 
without the dissociation, which proceeds ac- 
cording to Eq. (1). 


Ni(SCN)2-+ + 26 =— 
Ni(Hg) + vSCN- (1) 


(3) Nif(SON),@-* is reduced according to 
2q- (1), after it dissociates into Ni(SCN)», 
according to Eq. (2). 


Ni(SCN)G-0* =—= 
Ni(SCN), 4- (uw — v)SCN- (2) 


The rate of the dissociation of NifSCN),@-* 
into Ni{SCN),°-” * is considered to be extremely 
large compared with the diffusion rate of 
Ni(SCN),,?-*+ or Ni(SCN),“"-”*. 

(4) Ni(SCN),,¢-™* is reduced according to 
Eq. (1), after it associates with SCN ion to 
form Ni(SCN),‘°-”* according to Eq. (3). 


Ni(SCN)S-™* +(v — w)SCN- 


+( 
== Ni(SCN)¢-”* (3) 


The rate of the association of Ni(SCN),,@-* 
with SCN- ion appears to be comparable in 
magnitude with the rate of the diffusion in the 
medium containing potassium thiocyanate and 
potassium chloride, but it appears to be extremely 
large in the medium containing potassium 
thiocyanate and potassium nitrate. This con- 
sideration makes it possible to explain the 
phenomenon that the limiting current of the 
wave contains the kinetic current in the medium 
of KSCN-KCl, but it does not in the medium 
of KSCN-KNOs. 

(5) The reduction of Ni(SCN),°-”*to Ni(Hg) 
is of the activation-controlled one. 
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In the above description any complex-forming 
substance except thiocyanate ion is not repre- 
sented. It does not mean necessarily that 
nickel ion takes only thiocyanate as a complex- 
forming ion. On the contrary it is considered 
with a great possibility that nickel ion takes 
other ions than thiocyanate ion as a complex- 
forming ion. In the above description they are 
omitted for simplicity. 

Ii the reduction mechanisms mentioned above 
are assumed for the reduction of the complex, 
the polarographic wave of the complex should 
be explained with the formulas which are 
obtained by the modification of the formulas 
described in the previous papers”. The hali- 
wave potential should be independent of the 
activities of the Ni(SCN),@-”*and the relation 
of log I/(I,-I) vs. V, a straight line, whether the 
limiting current is governed by the diffusion 
process Only or not. Moreover, the assumption 
that the activation-controlled process is rate- 
determining requires the inclination of the log 
plot being more than 0.029 volt at 25.0° if the 
number of electron concerning the reduction 
equals two. 

The experimental results shown in Table 4 
indicate clearly that the half-wave potential is 
independent of the activity of nickel-thiocyanate 
jon, and these shown in Fig. 2 indicate the 
relation of log I/(I,-I) vs. V holding straight 
lines. From the inclinations of the log plot 
shown in Tables 1 and 3 and the polarograms 
obtained by the Kalousek’s method the 
activation-controlled process can be expected 
for the rate-determining step. 

In order to confirm the above assumptions 
it should be examined whether the shift of the 
half-wave potential with the change of the 
concentration of complex-forming substance is 
in accord with the theoretical consequence. IE 
the complex ion is reduced according to Eqs. 
(2) and (1) and if the rate of dissociation is 
extremely rapid compared with the diffusion, 
the shift of the half-wave potential with the 
change of the concentration of potassium 
thiocyanate is represented with the following 
equation: 


Alog[SCN], (volt) 


0.059 
"spo = { +) 
2V1;2 =—(u—?) = 


(4) 


where (SCN) represents the activity of thio- 
cyanate ion and @ has the meaning described 
in the previous papers“ “. The half-wave 
potential should be shifted more to negative 


(5) N. Tanaka and R. Tamamushi, this Bulletin, 22, 
187 (1949); R. Tamamushi and N. Tanaka, this Bulletin, 
22, 227 (1949). 
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with the increase of the concentration of 
potassium thiocyanate. The experimental results 
obtained in the supporting electrolyte containing 
more than about ().2 M of potassium thiocyanate 
is in accord with the fact. Being treated 
quantitatively, it was found out that the value 
of (w-v) approaches to 2 as potassium thiocyanate 
increases, as shown in Fig. 5.© It means 


0 0.2 0.4 O.6 0.8 
log Cxkscn 


Fig. 5.—Relation of (w-v) calculated with Eq. 
(4) and the logarithm of the concentration of 
potassium thiocyanate. 


that (u-v) is 2 and that Ni(SCN),,“@~-”*still 
remains in the concentration region of more 
than 0.2 M where the experiments are made. 

As for the concentration region where the 
reduction proceeds according to Eqs. (3) and 
(1), the following equation is derived if the 
kinetic current is not concerned. 


0.059 


4V 1/2 =(v—w) ie 4 log{[SCN], (volt) 


(5) 


The theoretical consequence that the half-wave 
potential shifts more to positive as the con- 
centration of potassium thiocyanate increases 
explains the experimental results obtained in 
the supporting electrolyte containing potassium 
thiocyanate of less than 0.2 M. Taking up the 
case of medium containing potassium thiocyanate 
and potassium nitrate because of the absence 
of kientic current, (v-w) will be calculated 
according to Eq. (5) using the value of @ 
and the shift of the half-wave potential both 
obtained experimentally. Since over the range 
from 0.05 M to 0.01 M of potassium thiocyanate 
the relation of log I/(I:-I) holds a straight 
line, this range was taken for the calculation. 
The shift of the half-wave potential, JV1,2, 
corresponding to 0.699 of J log(SCN’) is 0.087 


(6) In this calculation the concentration was used 
instead of activity, and 1F; and the ionic strength were 
assumed to be constant. 


[Vol. 23, No. 6 


volt and the mean value of @ over the range 
is 0.54,'© 
0.037 


“0.059 
209" x 0,699 
2~x« 0.54 


v—w= = ().97 


The result indicates that the value of (vw! 
equals approximately 1. 

From these discussions it is concluded that 
the nickel- thiocyanate complex is reduced 
according to the mechanisms mentioned above. 
As for the value of u, v and w, 4, 2 and 1 
are the most reasonable to be applied to them 
from the above discussions and the spectroscopic 
data.‘” 


Summary 


The polarographic reduction wave of nickel- 
thiocyanate complex has been studied for the 
purpose of clarifying the reduction mechanism 
of the complex. The current-voltage curves of 
the complex were measured in media of KSCN- 
KCl and KSCN-KNO.. In the medium of 
KSCN-KCI, the reduction wave involved the 
kinetic current as well as the diffusion current, 
when the concentration of potassium thiocyanate 
was less than 0.2 M. The relation of log I; (I,-I) 
and V held a straight line, but its slope was 
not in accord with the value expected from 
the reversible reduction. From these experi- 
mental results and the polarograms obtained 
with the Kalousek’s method, the reduction of 
the complex was confirmed to proceed irrever- 
sibly at the dropping mercury electrode. 

The reduction mechanism of the complex 
and the number of thiocyanate ions coordinated 
to the centered metal ion in the supporting 
electrolytes containing various concentrations 
of potassium thiocyanate were estimated from 
these experimental results, when the theoretical 
consequence for the activation-controlled re- 
duction of the complex ion reported in the 
previous paper was applied. 


The author is grateful to Mr. Reita Tamamushi 
and Miss Masako Kobayashi for their kind 


assistance throughout this study. The cost of 
this study has been partly defrayed from the 
Scientific Research Encouragement Grant from 
the Ministry of Education. 


Institute of Science and Technology, 
the University of Tokyo, Tokyo 


(7) Pal Csokan, Chem. Abstract, 33, 1594 (1939). 





December, 1950] 


LETTER 


LETTER 


The Relation Between the Struc- 
ture of y-Lactones and the Vaule 
of their Molecular Rotations — 
Presumption of Eight Unknown 
(M\> 


By Shukichi YAMANA 


(Received October 16, 1950) 


C. S. Hudson reported of the quantitative 
relation between the structure of Y-lactones 
and the value of their molecular rotations and 
caleulated [M 1D of six lactones, now unknown. 
However, since his view had no ground of 
physical theory, he could not explain the fact 
that the optical rotatory power of C*® atom in 
lactones of Xylonic-Lyxonic type is opposite 
in sign to that in lactones of Ribonic- Arabonic 
type.» The author tried to apply physical 
theories of the optical rotation to this idea, 
and found some empirical rules concerning the 
quantitative relation from the standpoint of 
the arrangement of atoms, and by using these 
rules, he presumed eight unknown [M]}. 

At first, all of Y-lactones are divided into 
Ribonic-, Arabonic-, Lyxonic-, and Xylonic- 
types according to the types of their own 
rings. Next, [M]p-change accompanying the 
change of the side-chain is classified into two 
parts, one of which corresponds to the change 
of the end-group or the length of the side- 
chain in the case when the number of asym- 
metric atom is constant (G-change), and the 
other of which corresponds to the change 
of the number of asymmetric atom in the 
side-chain in the case when the end-group 
and the length of the side-chain is constant 
(O-change). The physical meaning of G- 
change is the [M ]}-change accompanying the 
change of the degree of induced dissymmetry 
of the CO-group™ in the y-lactone-ring, under 
the influence of the chain-length and the 
chain-end-group, The physical meaning of 
O-change is the [M]p-change accompanying 


(1) C. 8. Hudson, J. Am. Chem. Soc., 61, 1525 (1939). 
(2) T. L. Harris, E. L. Hirst and C. E. Wood, J. Chem. 
Phys., 2, 1825 (1934). 


the appearance of a new asymmetric atom 
which has its own optical rotatory power. 
Then the optical rotatory power of the ring 
itself is not constant in all types, even in R- 
type, contrary to the Hudson’s view. Now 
the theory of the optical rotatory power of J. 
G. Kirkwood, based upon the quantum-me- 
chanics,” was used to explain O-change at 
C’, by using examples of 1.-talonic-, p-allonic-, 
L-galactonic-, p-altronic-, .-gulonic-, p-man- 
nonic-, L-idonic-, and p-gluconic-7Y-lactones, 
with success. The outline of his theory is as 
follows: he calculated the [MJ]? of p-secondary 
butyl alcohol and concluded that free rotation 
of the (CH;) (H) (OH)-C*- group around the 
axis of C*-C.H;, is possible, and the end-group 
(CH;) of the ethyl] group can be placed under 
(CH;), (H) or (OH), each bound to C*. The 
[M}> of the molecule changes according to 
the place of the end-group (CH;) described 
above. The case when the (C.H;) group of 
p-secondary butyl alcohol is replaced by the 
Y-lactone-ring is now under discussion. 
Possibility of free rotation of the side-chain 
around the axis of C°-C', makes O-changes of 
R- and A-types equal; but, in L- and X- 
type, it is hindered by O-atom, bound to C’, 
and H, bound to C’, is forced to stand upon 
C*. This configuration causes revision of the 
sign of O-change. Thus, the first rule was 
deduced: ‘Each of C atoms in a definite 
side-chain, whether this chain attaches to R- 
or A-type-ring, causes O-change of its own 
constant value.” Using this rule, and data 
of L-epifuconic-, p-allomethylonic-, and 1- 
fuconic-Y lactones, the [M]} of p-altro- 
methylonic-Y-lactone was presumed. Using 
the first rule, other six unknown [M]j} values 
—these six have already been calculated by 
Hudson—were calculated. Two more rules 
were induced from data. The second rule: 
“ Replacement of (CH:OH) by (CH;) at the 
end of the side-chain causes no large change 
in O-change”. The third rule: ‘‘ Entfernungs- 
satz der Drehung of L. Tschugaeff-*? is seen 
in O- and G-changes, and the magnitude of 
G-change, caused by replacement of end-group 
(CH,OH) by (CH3) at a@-position of the side- 
chain is 1.9 times of that at 8-position”. Using 


(3) J. G. Kirkwood, J. Chem. Phys., 5, 479 (1937); 7, 
139 (1939). 
(4) L. Tschugaeff, Ber., 31, 360 (1898). 
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this rule, the [M]p of p-ribonic-y-lactone was 
calculated. The presumed values of [M]p of 
Y-lactones are as follows; a-p-alloheptonic-, 
—20.1; 1-talloheptonic-, 1.2; p-gala-.-talo- 
octonic-, 84.7; »-ribomethylonic-, —1.9; p- 
allo-p-altroheptonic-, 59.9; p-gulo-L-gala- 
heptonic-, 133.0; 1-talo-p-altroheptonic-, 
81.2; p-altromethylonic-, 28.4; six of these 
are different from those, presumed by Hudson 
by about two degrees in the magnitude of [a]3}- 


Kyoto Liberal Arts College, 
Fushimi, Kyoto 


Le dichroisme de la molécule des 
matiéres colorantes dans l’alcool 
polyvinylique 


Seinosuké MIYAKAWA, Kiyoé 
HASEGAWA et Taku UEMURA 


(Regu le 9 Décembre, 1950) 


La molécule des matiéres colorantes dont la 
structure est plane a deux axes (axe X et axe 
Y) qui sont perpendiculaires lun a Ilautre. 
Quand la molécule est asymétrique, deux ban- 
des d’absorption peuvent se produire de la 
confirmation expérimentale a la température 
air liquide exécutée par Lewis et ses colla- 
borateurs.? Nous avons préparé la solution 
solide formée par la matiére colorante et l’alcool 
polyvinylique (APV) pour utiliser comme un 
échantillon pour le spectre d’absorption. Ho- 
shino™ a déja montré que la membrane éten- 
due de APV fait orienter la molécule d’iode 
absorbée. 

La solution aqueuse de 7 ou 8% de poudre 
APV est d’abord mélangée avec la solution 
aqueuse concentrée de matiére colorante. Nous 
Vavons laissée aprés lavoir versée sur Je verre 
poli et horizontal pour sécher pendant trois 
jours et trois nuits. Nous pouvons donc obtenir 
une membrane mince de APV teinte par la 
matiére colorante. Pour mesurer le coéfficient 
d@absorption moléculaire € de la matiére colo- 
rante a ‘la membrane de APV ou & est égal a 
log Iy/I/e-d, on caleule la valeur e-d (¢ = 
concentration; d=longueur d’épaisseur) par la 
relation suivante. La relation e-d=m x 1000/8 
montre l’analogie du cas de la solution liquide 


(1) .G.N. Lewis et M. Calvin, Chem. Rey. 25 273, (1939), 
G. N. Lewis et D. Lipkin, J. Am. Chem. Soc., 64 2801, 
(1942), G. N. Lewis et J. Bigeleisen, ibid,, 65 520,(1943), 
ibid. 65 2102, (1943). 

(2) Y¥. Hoshino, J. physico-Math. Soc. Japan, 17 365, 
(1948), J. Electrochem. Soc. Japan, 18% (1950), 6. 
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ou m signifie le nombre molaire de la matiére 
colorante et s la superficie de membrane (cm.”*). 

La valeur € mesurée de la membrane a 
donné de bons accords avec celle obtenue par 
la solution liquide de la méme substance. 

Nous avons donc allongé cette membrane 
teinte en y donnant une certaine tension et 
nous l’avons photographiée pour prendre le 
spectre d’absorption en y appliquant la lumiére 
polarisée. 

Nous pouvons supposer, dans ce cas, que l’axe 
X de la molécule colorante s’oriente a la direc- 
tion de tension par l’allongement, tandis que 
ces molécules se posent désordonnément dans 
la membrane non allongée. 

L’absorption lumineuse par la matiére colo- 
rante doit étre attribuée a la vibration des 
électrons aw de la liaison double conjuguée et 
les bandes d’absorption obtenues par la vibra- 
tion des électrons vers axes X et Y donnent 
respectivement les bandes X et Q. 

En préparant Véchantillon par la molécule 
qui a deux bandes X et Y absorption maxima 
peut étre obtenue quand Ja lumiére mesurée a 
la méme longueur d’onde de bande X se polarise 
en direction de l’axe X. Mais l’absorption 
devient minima lorsque la lumiére polarisée est 
& angle droit a la direction de axe X. On 
peut donner la méme conclusion a la bande Y. 

Nous avons d’abord choisi le pseudoisocyanine 
comme échantillon en employant la solution 
solide de APV dont Branch et Calvin‘® ont 
déja reconnu l’existance des bandes X et Y. 

Nous nous sommes servis du spectrophoto- 
métre Nutting construit par Hilger et son 
premier prisme de Nicol a été employé comme 
polarisateur. 

Nous avons pu montrer deux bandes d’ab- 
sorption a 520my et a 490 my et confirmer que 
la bande de 520 my correspond a la bande X 
et celle de 490 my a la bande Y. Nous pouvons 
probablement trouver la direction de vibration 
des électrons z par le spectre d’absorption en 
y appliquant la méthode actuelle. 


En terminant ce compte-rendu, nous avons 
i exprimer nos sincéres remerciements a M. 
Fujisawa, Directeur du Laboratoire de la Com- 
pagnie Fuji-Film, ainsi qu’a cette Compagnie 
méme, pour nous avoir offert plusieurs matiéres 
colorantes utilisées dans nos présentes expé- 
riences. 


Laboratoire de Chimie Minérale, 
Institut de Téchnologie de Tokyo. 
(Tokyo Kogyé Daigaku), Tokyo 


(3) G. E. K. Branch et M. Calvin, ” The Theory of 
Organic Chemistry.” p. 175. (1943). 
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New Differential Polarography 
with One Dropping Electrode. — 
The Use of Rotating Current 
Alternator . 


By Masayoshi ISHIBASHI and 
Taitiro FUJINAGA 


(Recived December 15, 1950) 


In polarography, the derivative 4i/JE of 
the ordinary current-voltage curve is useful and 
important. For the purpose of obtaining it, a 
method of employing two mercury dropping 
electrodes has been proposed.” However, it is 
difficult to get a good result with the method, 
because of the difficulty of synchronizing the 
drop rates of both electrodes. 

The authors made a new device of simple 
circuit system for obtaining the differential 
polarogram with one dropping electrode by the 
use of rotating switch, connected in series with 
the usual polarograph. Fig. 1 shows the scheme 
of the apparatus. In the figure, the voltage of 
E--4E is applied to the cell and the electrolytic 


current 7 flows through the galvanometer, and . 


in the next instant when the alternating switch 
is half rotated, the voltage of E is applied to 
the cell, thereby the corresponding current i’ 
flows reversely through the galvanometer. By 
rotating the switch with adequate speed (ca. 
800 r.p.m.), the galvanometer is led to show 


(1) J. Heyrovsky, Chem. Listy, 4Q, 222 (1946); ete. 
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the difference between both currents (Ji=i—i’) 
and so the polarograph shows the differential 
polarogram. Fig. 2 shows 
the differential polarogram 
compared with the ordinary 
one. 
Some characteristics of 
this apparatus and the in- 
teresting results obtained 
will be submitted later. 


a 


VVV 


Fig. 2.—Polarcgrams 

™ of Cd**icn: Curve 

_ 1,- differential po- 
larogram,750r.p.m.; 
Curve 2, -ordinary 
polarogram. 


The authors wish to express their thanks to 
Yanagimoto Co. for the kind help in preparing 
this apparatus. 


Institute of Chemistry, Faculty of Science, 
Kyoto University, Kyoto 
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Additions and Corrections 
Volume 23, 1950 


Page Side Line 
110 Eq. (2) for x, read k,, and for «a read ke 
110 right hand footnote (4) for Reports o read Reports of 
lll Eq. (11) Eq. (11) should read 
I/ae 
‘4 Kio K tor (bikie 2, LAcol? —kikin2 Ee [Ac.r]°) 
~ keke KL K het es Ek Ke (kit Ky) + 2Eoki K!o(ki AK! 2) 
right hand 26 for Ki. ki and Kir <ki read Kt. Ski and 
Kir Ski 
left hand 21 for J.J. Lingane™ read J.J. Lingane™ 
right hand 19 for the simple metal ion read 
the simple metal ion 
Eq. (28) for [LV lita... TEAE LV Metare.n 


left hand { for Eq. (25) read Eq. (26) 

right hand for difficulty read difficulty 

right hand 38-28 for obtained in the next section read obtained 
are mentioned in the next section 

left hand footnote, 6 errase Bul- 

Table 1, title for angles* read angles 


Table 1, column 
of Bond Lengths for C—O read C=O 


Ps 
Table 1, column for C 


of Bond Angles I 
© 


right hand for al™ read al 
left hand for I (2) read II (2) 
Table 8, column 
of Bond Direction Types ‘ for T}-G}-G2-T!-G,-G® read 
T}-G}-G3-T}-G3-G5 
Table 8, Column 
of Figure for (Part 1) read 4 (Part 1) 
4 
left haud for aminoacidaj read aminoacida 
left hand for kunligita read kunligitaj 








